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CHAPTER 1: GENERAL INTRODUCTION 
The vast increase in CO2 concentrations in the atmosphere from the anthropogenic 
burning of fossil fuels has not only impacted the atmospheric reservoir, but also the world’s 
oceans. As evidenced by the recently documented phenomenon of ocean acidification (e.g. 
Kleypas et al., 1999), the chemistry of the oceans is changing rapidly and in concert with 
anthropogenic CO2 emissions (e.g. Böhm et al., 1996, 2002; Swart et al., 2010). Proxy 
records extending beyond the instrumental period have improved our ability to understand 
the present and future impact of fossil fuel combustion on the marine reservoir and to better 
characterize the natural variability in marine carbon cycling (e.g. Druffel and Benavides, 
1986; Böhm et al., 1996, 2002).  
The research presented here was aimed at the development and application of a new 
proxy archive of dissolved inorganic carbon (DIC). We sought to develop a transfer function 
relating shell carbonate (CaCO3) from the marine bivalve mollusk, Arctica islandica, to DIC 
of ambient seawater through the use of stable carbon isotopes, thereby assessing the 
suitability of A. islandica as a proxy for paleo-DIC. 
 A. islandica was selected as a study animal because of its demonstrated utility in 
marine-based environmental reconstructions (e.g. Weidman et al., 1994; Schöne et al., 2003, 
2004, 2005, 2011; Witbaard et al., 2003, 2005; Wanamaker et al., 2008a, 2011), particularly 
the use of stable oxygen isotopes (δ18O) of shell carbonate to hindecast seawater 
temperatures. Stable isotope values are reported as the difference between the ratio of the 
heavy to the light isotope (e.g. 18O/16O or 13C/12C) of a sample, normalized to the ratio of the 
heavy to light isotope of an international standard (Fry, 2008). The difference between the 




18O/16Ostd) – 1) * 1000 = δ18Osamp; Fry, 2008) and is in units of per mil (‰). In the analytical 
process (isotope ratio mass spectrometry; IRMS) used to obtain δ18O values, δ13C values are 
also generated. Therefore, any study that has published δ18O of A. islandica is likely to have 
associated δ13C, whether or not the data have been published. If A. islandica can be shown to 
deposit its shell carbonate in carbon isotope equilibrium with surrounding seawater, or with a 
consistent and measurable offset from equilibrium, then a repository of δ13C data would then 
be available for interpretation and potential translation into a paleo-DIC record from the 
northern Atlantic latitudes, where A. islandica is commonly collected (Dahlgren et al., 2000). 
 δ13C data derived from coral and sclerosponge carbonate have been used to develop 
paleo-DIC reconstructions in the tropical and subtropical oceans (e.g. Weber et al., 1975; 
Nozaki et al., 1978; Swart et al., 1983; Druffel and Benavides, 1986). The longest of these 
records is from a sclerosponge and extends into the late 1300s (Böhm et al., 2002); however, 
this record is not annually resolved and therefore is most useful for interpreting decadal to 
centennial-scale environmental variability. Corals generally produce annually resolved 
increments, but they are also photosynthetic organisms that have a physiological response to 
light intensity thereby potentially complicating the interpretation of δ13C signals (Druffel, 
1997). With the vast availability of well-preserved (live and dead-collected) marine bivalves 
and their extreme longevity, especially A. islandica (Wanamaker et al., 2008b), these non-
photosynthetic organisms possess the potential to extend our understanding of extratropical 
marine carbon cycling into Medieval times, spanning the entire Medieval Climate Anomaly 
(MCA; ~ AD 900 to 1300) into the Little Ice Age (LIA; ~ AD 1300 to 1850). Insight into 
major climate variability prior to the Industrial Revolution provides a basis for comparison 




contributions (e.g. Sabine et al., 2004). Paleoclimate reconstructions, and the climate models 
generated from them, suffer from an overall lack of marine-based proxies that extend into 
these naturally-occurring climate anomalies (IPCC, 2007).   
Although bivalve mollusks show great potential to resolve some of the issues 
encountered through the use of other proxies and extend the temporal and geographic 
coverage of proxy records, there are limitations to the use of molluskan shell carbon for 
paleo-DIC reconstructions. Specifically, there are two sources of carbon that contribute to 
δ13C of shell carbonate: δ13CDIC and δ13Cfood. In such cases, a simple two end-member mixing 
model is often employed in order to determine the carbon isotopic composition of DIC, if the 
relative contribution of each end-member is known (e.g. McConnaughey et al., 1997). This 
approach requires the assumption of an invariant percent contribution of respired carbon to 
shell material throughout the year and throughout the lifetime of the animal. Several 
empirical studies conducted using marine mollusks have shown this to be a faulty assumption 
for various species (e.g. Klein et al., 1996; Lorrain et al., 2004; Gillikin et al., 2005, 2006, 
2007). However, in a recent experimental study on the manila clam, Rudipates 
philippinarum, this particular marine bivalve experienced a uniform metabolic contribution 
(~12%) over the duration of the experimental period (Poulain et al., 2010). Such species-
specific calibrations of marine bivalves are essential to the confident use of each species for 
paleo-DIC reconstructions. The observed variability of percent metabolic contribution to 
shell carbonate among species necessitates experimental studies that test the assumption of 
constant metabolic input (~10%; McConnaughey et al, 1997), both among species and 






The following thesis is presented in two parts. Chapter 2 describes a 29-week long 
experimental calibration of Arctica islandica, juveniles and adults collected and grown in the 
Gulf of Maine. This chapter presents a discussion and rationale of the need for species-
specific transfer functions in order to confidently reconstruct δ13CDIC conditions from δ13C of 
shell carbonate (δ13CS), as well as the reasons for selecting A. islandica as a study animal. 
Based on careful monitoring of ambient seawater conditions and recording of shell growth, 
and precise sampling of shell carbonate from > 100 animals, a calibrated transfer function is 
presented for A. islandica. 
The third chapter presents the application of the equation relating δ13CS to ambient 
DIC developed in the second chapter to existing A. islandica data from the Gulf of Maine, 
Irish Sea, North Sea and Iceland. These reconstructions, extending to the year 1033 AD, are 
then compared for the first time to coral and sclerosponges records from the tropical Atlantic, 
Pacific and Indian oceans in order to document and decipher regional from global trends in 
δ13CDIC variability. Included is a discussion of the extension of geographical and temporal 
coverage of δ13CDIC records made possible by adding a molluskan species from the temperate 
Atlantic. Hypotheses are presented addressing the origins of apparent global trends in DIC 
variability over the last millennium.   
Finally, in the concluding remarks I review the major findings from the studies 
composing Chapters 2 and 3, as well as future work that may strengthen the conclusions 
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CHAPTER 2: IN SEARCH OF A PALEO-DIC PROXY: EXPERIMENTAL 
VALIDATION OF ENVIRONMENTAL CONTROLS ON THE CARBON ISOTOPIC 
COMPOSITION (δ13C) OF ARCTICA ISLANDICA (OCEAN QUAHOG) SHELL 
CARBONATE 
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The marine bivalve species, Arctica islandica, was reared under experimental 
conditions for 29 weeks in the Gulf of Maine in order to determine the relationship between 
the carbon isotope composition of shell carbonate (δ13CS) and ambient seawater dissolved 
inorganic carbon (δ13CDIC), as well as to approximate the metabolic contribution (CM) to shell 
material. Three experimental environments were compared: two flow-through tanks (one at 
ambient seawater conditions, one with additional food added) and an in-situ cage. Each 
environment contained 50 juveniles and 30 adults. Both juvenile (2-3 yrs) and adult (19-64 
yrs) specimens displayed average percent CM of less than 10% when using three different 
proxies of respired carbon: digestive gland, adductor muscle and sediment. Hence, the 
primary control on δ13CS values is ambient DIC. The relationship between δ13CDIC and δ13CS 
for 114 individuals used in the study was: 
 
    δ13CDIC = δ13CS – 0.96‰ (±0.32‰). 
 
No ontogenetic effect on δ13CS was observed, and growth rates did not generally impact 
δ13CS values. Shell material derived from the long-lived ocean quahog (Arctica islandica) 






Given the exponential growth of atmospheric carbon dioxide (CO2) concentrations in 
recent decades (IPCC, 2007) and the importance of the world’s oceans in carbon 
sequestration (Sabine et al., 2004), proxies sensitive to oceanic carbon dynamics from the 
geologic record are highly desired. Specifically, the lack of marine-based proxy archives that 
have been calibrated with ambient ocean conditions and that reflect aspects of the carbon 
cycle, limits our knowledge of past carbon cycling dynamics.  
Approximately half of the CO2 released into the atmosphere through fossil fuel 
combustion is sequestered by the world’s oceans (Sabine et al., 2004). Recent declines in the 
carbon isotope ratio (12C/13C) of atmospheric carbon dioxide from the combustion of fossil 
fuels provides a means of documenting rates of oceanic carbon sequestration (e.g. Swart et 
al., 2010), as well as reconstructing the partial pressure of CO2 (Druffel and Benavides, 
1986). This trend toward lower (more negative) δ13C values in seawater dissolved inorganic 
carbon (DIC), known as the 13C–Suess Effect (after Suess, 1953; Keeling et al., 1979; Druffel 
and Benavides, 1986), is caused by the addition of isotopically “light” CO2 from fossil fuels 
to the atmospheric reservoir. The evolution in atmospheric δ13C values of CO2 for the last 
millennium has been shown through proxy reconstructions from Antarctic ice core records 
(Friedli et al., 1986; Francey et al., 1999). In the marine environment, this trend toward 
depletion is seen through increasingly negative δ13C values of DIC (δ13CDIC) in marine 
surface waters (Gruber et al., 1999, 2002; Quay et al., 2003, 2007) and in the δ13C values of 
the accretionary hard parts of calcium carbonate secreting marine organisms, such as 




and Benavides, 1986; Böhm et al., 1996, 2002; Butler et al., 2009, Cage and Austin, 2010; 
Swart et al., 2010; Schöne et al., 2011; Williams et al., 2011). To place current changes in 
δ13C values in the atmosphere and the oceans into context, proxy archives that would 
increase the spatial and temporal coverage of past carbon cycling dynamics, especially in 
regions that sequester large amounts of atmospheric CO2 (e.g., the Atlantic Ocean; see Swart 
et al., 2010) are greatly needed. 
Mollusk shell carbonate, especially bivalves, are being used as archives of 
extratropical marine carbon cycling (Weidman and Jones, 1993; Butler et al., 2009; Poulain 
et al., 2010; Schöne et al., 2011); however, the contribution of metabolic carbon to the δ13C 
of shell carbonate (δ13CS) potentially complicates the relationship between δ13CS and δ13C of 
the dissolved inorganic carbon (δ13CDIC) of ambient seawater. Values of δ13CS are largely 
controlled by three factors: δ13CDIC of ambient seawater, δ13C of respired carbon (δ13CR) and 
the proportion of metabolic carbon (CM) incorporated into the shell material 
(McConnaughey, 1989; McConnaughey et al., 1997; McConnaughey and Gillikin, 2008). 
Therefore, in order to reconstruct δ13CDIC from δ13CS, values of δ13CR and CM for the bivalve 
species of interest must be known or estimated. 
McConnaughey et al. (1997) calculate a theoretical value of 10% metabolic carbon 
(or CM=0.1) for aquatic mollusks based on the “respiratory gas exchange model.” However, 
recent experimental and empirical studies have documented several deviations from this 
model. First, CM appears to vary from species to species (e.g. Gillikin et al., 2006, 2007; 
Lorrain et al., 2004), even in the marine environment. Second, depending upon the study 
species, CM may vary over the lifetime of an individual (Klein et al., 1996; Lorrain et al., 




productivity may have a secondary influence on CM (e.g., Lartaud et al., 2010). The viability 
of δ13CS as an archive for paleo-DIC hinges upon the relatively small (ideally less than 10%) 
and constant percent contribution of metabolic carbon to shell carbonate throughout 
ontogeny. Therefore, efforts must be made to characterize and account for CM, on a species-
by-species basis. 
Poulain et al. (2010) provided the first rigorous, species-specific experimental 
calibration between δ13CS and δ13CDIC in molluskan carbonate. Their experiments were 
conducted using the Manila Clam, Ruditapes philippinarum. Over a period of 64 days, 
animals were reared in a laboratory setting, in which the isotopic composition of both the 
food and water (δ13CDIC) were systematically changed. This study experimentally 
documented the two sources of carbon to shell carbonate, as well as the response time of the 
study animal to environmental changes. The authors concluded that δ13Cphytoplankton was the 
best proxy for δ13CR in this experiment, and that the study species maintained a relatively 
constant percent metabolic contribution of approximately 12% over the experimental period. 
The subject of ontogenetic effects in Ruditapes philippinarum was not addressed in this 
experiment due to the use of a single age class (2-3 years old). Nevertheless, the Poulain et 
al. (2010) study highlights the necessity of species-specific experimental calibrations in order 
to quantify the metabolic contribution to shell carbonate and to verify the response of δ13CS 
to environmental variability. Nearly 80% of the variability in δ13CS for this species was 
explained by the ambient δ13CDIC conditions. Such calibrations allow for confident use of a 
given species in reconstructions of paleoenvironmental conditions, and greater accuracy in 




Several recent studies have used the aragonitic shells of Arctica islandica in carbon 
isotope studies of anthropogenic CO2 input into the world’s oceans. Schöne et al. (2011) 
show that annual shell carbonate samples from the marine mollusk Arctica islandica 
(Linnaeus, 1767), dating back to AD 1753, display δ13C trends similar to atmospheric records 
reconstructed from ice cores and instrumental records (Friedli et al., 1986; Francey et al., 
1999; Keeling et al., 2005) and sclerosponge records from the tropics (Böhm et al., 1996, 
2002). Similarly, Butler et al. (2009) hypothesize that a trend in recent centuries toward more 
negative δ13CS values from A. islandica shells (dead- and live-collected) from the Irish Sea is 
confirmation in the temperate oceans of the 13C–Suess Effect. Despite these applications, the 
species has not been tested to determine the fidelity of shell δ13C as a proxy for 
environmental δ13CDIC. Therefore, because a transfer function between δ13CS and δ13CDIC has 
not yet been developed, Butler et al. (2009) and Schöne et al. (2011) can not decisively rule 
out a variable contribution of metabolic CO2 to shell carbonate at different stages of 
ontogeny. Nor can they confidently calculate the original δ13CDIC values from the isotopic 
composition of the shell material for A. islandica.   
A. islandica (L.) represents an excellent bioarchive for a range of paleoenvironmental 
applications, which are explored at length by Schöne et al. (2005) and Wanamaker et al. 
(2008a; 2008b; 2011a). The characteristics of A. islandica that make it an ideal proxy for 
paleo-DIC reconstructions are its annually deposited growth increments (Jones, 1980), its 
extremely long life-span (Schöne et al., 2005; Wanamaker et al., 2008b), its demonstrated 
utility in developing master shell chronologies (Witbaard et al., 1997, 2003; Marchitto et al., 
2000; Schöne et al., 2003; Scourse et al. 2006; Butler et al., 2009; 2010; Stott et al., 2010) 




The existence of several absolutely-dated shell chronologies, as well as the potential to 
establish a network of shell-based chronologies in the North Atlantic (see Wanamaker et al., 
2011b) make A. islandica an excellent proxy candidate for investigating extratropical carbon 
cycling of the shelf seas. A transfer function relating δ13CS to ambient δ13CDIC could 
immediately applied to existing stable carbon isotope data sets from A. islandica to explore 
spatiotemporal variability in δ13CDIC.  
The study presented in this paper was designed to quantify the percent of metabolic 
contribution to the shell material of A. islandica, in juveniles and adults grown in laboratory 
and in situ environments over a 29-week experimental period. Carbon isotope values of 175 
carbonate samples from 114 individuals are reported. Analysis of δ13CS from the 
experimental period is compared with ambient δ13CDIC, ontogenetic age, individual growth 
rate and δ13C of various soft tissues in order to calculate average percent metabolic 
contribution to shell carbonate. Additionally, we evaluate the range of percent metabolic 
contributions obtained for individuals and groups based upon the δ13C from each of 5 
individual tissues, and from sediment and average particulate organic carbon (POC) values. 
By isotoptically characterizing and quantifying the metabolic contribution to shell carbonate, 
we present the first species-specific equation (transfer function) for A. islandica to relate 
δ13CS values to oceanic δ13CDIC.  
 
Methods and Materials 
Collection Trip 
A commercial quahog fishing vessel, F.V. Three of A Kind, was employed on 




Approximately 380 adults and 355 juveniles were collected from a depth of ~82 m at 44° 26’ 
9.829” N, 67° 26.0’ 18.045” W off Jonesport, Maine (Fig. 1). Animals were transported to 
the Darling Marine Center (University of Maine, Orono) in Walpole, Maine, and placed in 
flow-through seawater tanks until the beginning of the experimental period. 
Measurement and Marking 
One hundred and twenty adults and 200 juveniles were randomly chosen for four 
experimental growth environments. The animals were measured three times along the 
maximum growth axis using digital calipers (±0.03 mm) and then marked with a number and 
a line along the ventral margin using Mark-tex® markers, in order to visually indicate the 
beginning of the experimental period. A subset of animals were caliper measured in March 
and May to determine seasonal growth, and all animals were caliper measured at the end of 
the experimental period in August 2010. 
The biomarker, calcein, was chosen to chemically indicate the beginning of 
experimental growth (Riascos et al., 2007). To the best of our knowledge, A. islandica have 
not been successfully marked with calcein. Therefore, the concentration and length of 
exposure to calcein were based on best estimates from studies published using other marine 
mollusks (Moran and Marco, 2005; Riascos et al., 2007; Poulain et al., 2010). Adults were 
submerged in a 100 mg/L calcein solution for six days at approximately 9°C in January 2010. 
Juveniles were placed in a solution of the same concentration for a period of 48 hours. 
Juveniles in the laboratory growth environments were calcein marked in January, March and 
May; juveniles from the in situ environment were marked in January and May. 
Age determinations of a representative subset of animals were made from acetate peel 




preparation was described in detail by Ropes (1984), Scourse et al. (2006) and Butler et al. 
(2009). Briefly, thick sections of shell were cut and embedded in epoxy and resin. Epoxy 
blocks were cut using an Isomet slow-speed saw and then polished on a Buehler variable 
speed grinding and polishing wheel (grits P400, P800, P1200, and nylon pad 0.3 um alumina 
paste). Polished shells were then etched with 0.1M HCl for approximately 180 seconds. 
Acetate peels were made and mounted on glass slides. Slides were viewed using a Nikon 
SMZ1500 transmitted light microscope under 3 – 8x magnification. Annual growth 
increments were counted in the hinge region and recorded using Buehler Omnimet software. 
We estimate up to a 1% error in our age estimates based on band counting (i.e., the animals 
were not crossdated; Black et al., 2008). 
Laboratory and In Situ Growth Environments (and monitoring parameters) 
The Darling Marine Center (DMC) is located adjacent to the tidally-influenced 
Damariscotta River estuary (Fig. 1). In the DMC flow-through lab, two raceway tanks (239 
cm x 58.5 cm x 28 cm, ~425 liters capacity) were set-up to receive seawater at a rate of 
approximately 12-15 L/min pumped from a depth of approximately 10 meters from the 
Damariscotta River. Each raceway tank held 30 adults (each in an individual, numbered 
flowerpot) and 50 juveniles in sediment during the experimental period, January 9, 2010 to 
August 3, 2010. Tank A was held at ambient seawater conditions, and temperature was 
monitored hourly using a Tidbit® temperature logger (± 0.2 °C). Tank A outflow was 
directly discharged to the Damariscotta River. Tank B received an additional ~100,000 
cells/mL/day of Shellfish Diet 1800 (Reed Mariculture) through a drip-feeding mechanism 
and also contained a Tidbit® temperature logger. Tank B outflow entered a barrel containing 




units) and dissolved oxygen (±0.2 mg/L), hourly over the course of the experiment. Time 
series of salinity (a), temperature (b) and pH (c) measurements are shown in Figure 2. 
Two cages (91.5 cm x 46 cm x 30.5 cm) were deployed in the Damariscotta River 
estuary on January 18, 2010. Each cage contained 30 adults and 50 juveniles in plastic bins 
filled with sediment. Cage C was located at 43° 55’ 49.5” N, 69° 35’ 0.18” W, at a depth of 
approximately 30 meters. However, this cage was accidentally hauled away by a fishing boat 
two weeks into the experimental period. Although the cage and most animals were recovered 
months later, the data were unusable. Cage D was located at 43° 55’ 54.36” N, 69° 34’ 
46.14” W, at a depth of  ~10 meters, which is the same depth as the source water for the 
flow-through tanks. A Tidbit® temperature logger recorded the temperature at this site 
hourly. Cage D animals were harvested on August 10, 2010. 
Water samples were collected roughly every two weeks during the experimental 
period from Tank A and Tank B for analysis of δ18O and δ13CDIC. In this paper, we will 
discuss only the results of δ13CDIC water samples.  
DIC vials were prepared according to the method described by Taipale and Sonninen 
(2009). Briefly, 100 µL of 85% phosphoric acid  (H3PO4) was injected into 12 mL Labco 
Exetainer® vials, which were then capped, filled with a pure helium headspace, covered with 
Parafilm®, and shipped to the experimental site in Maine. A seawater sample was then 
filtered through a 0.45 µm filter (Cameo™ 30GN Nylon prefilter). 1 mL of filtered water 
was then injected into an Exetainer® using a gas-tight syringe. Vials were covered with 







Carbonate Sampling. New growth in all sampled animals was determined by caliper 
measurements made at the beginning and end of the study and verified in cross-section by 
calcein marks. Calcein marks of a subset of animals were viewed in cross-section and 
photographed at the end of the experimental period at the Bates College Imaging Center 
(Lewiston, Maine). A Nikon Modular Focus microscope with an epi-fluoresence illuminator 
was used to view the calcein marks. Images of the calcein marks were taken using a Nikon 
DS-Ri1 camera attached to the microscope (Fig. 3). 
Growth in both juveniles and adults was, in most cases, sufficient to allow for hand 
sampling of carbonate using a Dremel® variable speed drill. Adults were sampled by first 
removing the periostracum using a razor blade, then measuring the initial maximum shell 
height of the individual with digital calipers and using a diamond drilling tip (Dremel #7144) 
to grind the outer shell margin along the maximum growth axis back to the initial shell 
height. 
Juveniles were also hand sampled using the Dremel® drill. However, juveniles from 
Tanks A and B were calcein marked on three occasions (January 7, 2010; March 24, 2010; 
May 24, 2010), and juveniles from Cage D were marked on two occasions (January 7, 2010; 
May 24, 2010). These marking periods were evident on the outside of the shell due to the 
presence of a slightly lighter and raised band on the outer shell surface, corresponding to 
each calcein marking event (Fig. 3 c-f). Periostracum was gently removed using a diamond 
drilling tip. Carbonate from each of the growth periods was milled out of five transects from 
the beginning to the end of the periods, March to May and May to August. A swath of 




Fig 3f). These samples were collected using a carbide drilling tip (Brasseler #H52.11.003). 
Carbonate powder was stored in sterile plastic vials until isotopic analysis. 
Tissue Sampling. Five soft tissues (digestive gland, foot, gills, mantle and adductor 
muscles) were dissected from each of 5 adults in November 2009, 18 adults and 18 juveniles 
in December 2009 and 20 adults and 20 juveniles in August 2010 (not all tissues collected 
were analyzed). In the case of juveniles, tissues were grouped by environment due to the 
small volume of each individual tissue (e.g., all Tank A digestive glands were put into one 
container for analysis). Tissues were separated, rinsed with deionized water, frozen in a 
commercial freezer and then freeze-dried for 24 hours (after Gillikin et al., 2007). Tissues 
were subsequently homogenized and stored in glass vials until isotopic analysis. 
POC Sampling. Samples of particulate organic carbon (POC) were collected in 
January, March, May and November of 2010 according to the procedure described by 
Lorrain et al. (2003). Briefly, ~500 mL of seawater (taken from Tank A) was filtered through 
precombusted glass fiber filters (Whatman GF/F), which were then dried overnight, wrapped 
in foil and shipped to Iowa State University (ISU). Once at ISU, filters were exposed to 
concentrated hydrochloric acid fumes, left in a hood to drive off residual acid and then dried 
overnight. Eight to ten 4 mm punchouts were then taken from each filter and stacked into 
silver capsules, which were placed in a desiccator to await isotopic analysis.  
Sediment Sampling. Sediment from the top 0.5 cm of each of 10 flowerpots in Tank A 
was sampled on November 10, 2010. The top layer of sediment was scraped from each pot in 
order to represent the POC that had been collecting over the course of the experiment. 
Sediment was placed in 15 mL sterile, plastic centrifuge tubes, covered with Parafilm®, and 




days. A small amount of sediment was smeared onto individually labeled pieces of weigh 
paper. Each sample was freeze-dried overnight, then homogenized with a methanol-rinsed 
mortar and pestle (after Bouillon et al., 2004; Gillikin et al., 2007). 
Isotopic Analyses 
All stable isotope analyses were performed on a ThermoFinnigan Delta Plus XL 
isotope ratio mass spectrometer (IRMS), in the Department of Geological and Atmospheric 
Sciences at ISU. DIC and carbonate analyses were carried out using a GasBench, with an 
automated sampler (CombiPal), coupled to the IRMS. Standards used on the GasBench were 
NBS-18, NBS-19 and LSVEC with a δ13C precision of 0.1‰. At least one standard was run 
for every five samples analyzed on the GasBench. DIC samples, stored at ~4°C, were 
brought to room temperature and run using the GasBench “long method,” consisting of four 
injections of reference CO2, followed by ten injections of sample gas, followed by two 
injections of reference CO2. Powdered carbonate samples weighing 300-500 µg were each 
placed in an Exetainer®, capped and flushed with pure helium gas. 100 µl of 95% 
phosphoric acid was then injected into the vial, and the carbonate sample was allowed to 
react with the acid in the heating block of the GasBench at 34°C for 18-24 hours. Carbonate 
analyses were also conducted using the GasBench “long method.” 
Homogenized tissue samples (0.75 – 1.0 mg) were weighed into pressed tin capsules, 
folded and placed in a desiccator until analysis. Algal paste samples were dried in an oven 
overnight at 50°C, freeze-dried, homogenized and weighed (~0.75 mg) into tin capsules, 
folded and placed in a desiccator until analysis. Approximately 3 mg of homogenized 




were put in an oven overnight at ~40°C (after Bouillon et al., 2004; Gillikin et al., 2007). 
Cups were then folded and placed in a desiccator until analysis.   
Analyses of soft tissues, algal paste, sediment and POC filters were conducted on a 
Costech elemental analyzer (EA) interfaced to the IRMS at ISU. Samples in either pressed 
tin or silver capsules were combusted at 1050°C and analyzed for δ13C and δ15N. Each 
analysis consisted of three injections of reference N2 gas, followed by analysis of one sample 
nitrogen peak, followed by a mass jump, analysis of one sample CO2 peak, and finally three 
reference CO2 injections. At least one standard was analyzed for every five samples. 
Standards run on the EA include internal Acetanilide and Sucrose yielding a precision of 
0.1‰ for δ13C and δ15N. 
Calculations 
Metabolic contribution and offset from isotopic equilibrium. Calculations of percent 
metabolic contribution (%CM) were made using the following equation (modified from 
McConnaughey et al., 1997): 
 
%CM = ((δ13CS – (εar-b + δ13CDIC)) / (δ13CResp – δ13CDIC)) * 100 (1) 
 
where δ13CS,DIC,Resp represent the carbon isotope values of shell carbonate, DIC and respired 
carbon, respectively, and εar-b is the enrichment factor between aragonite and bicarbonate 
(2.7‰ ± 0.6 in Romanek et al., 1992). 
The offset from observed isotopic equilibrium was calculated by subtracting raw 
δ13CDIC from δ13CS. Offset from the Romanek et al. (1992) equilibrium-based model was 






Specimen Age and Growth Rate 
A representative sampling of 15 juveniles (5 from each environment) was aged to 
characterize the age class of all juveniles in the experiment. All juveniles examined were 
between 2 and 3 years old at the beginning of the experimental period. Adults ranged in age 
from 19 to 64 years. All adults that were analyzed for δ13CS values were also aged (Fig. 4c).  
Both adults and juveniles displayed measurable growth over the experimental period 
in all three environments. Total experimental growth of adults measured in August averaged 
2.18 mm (±0.77; n=25), 1.83 mm (±0.77; n=24), and 1.15 mm (±0.79; n=25) for Tank A, 
Tank B and Cage D, respectively. Assuming a constant rate of growth over the entire 
experimental period, adults grew 0.08 mm/week (±0.03), 0.06 mm/week (±0.03), and 0.04 
mm/week (±0.03) in Tank A, Tank B and Cage D respectively (Fig. 4a). All of the 
measurements reported in this paper were made using digital calipers. 
Juveniles grew an average of 12.60 mm (±1.05; n=15), 12.19 mm (±1.14; n=15), 9.66 
mm (±1.51; n=15) in Tank A, Tank B and Cage D, respectively. Growth measurements of 
Tank A and B juveniles made in March, May and August allowed for the calculation of 
average seasonal growth rates. Tank A juveniles grew at an average rate of 0.23 mm/week 
(±0.03) during the winter period (January-March), 0.51 mm/week (±0.03) during the spring 
bloom (March-May), and 0.56 mm/week (±0.10) during the summer period (May-August). 
Tank B juveniles grew at average rates of 0.20 mm/week (±0.04), 0.46 mm/week (±0.05), 
and 0.57 mm/week (±0.10) during the winter, spring and summer, respectively. Cage D 




mm/week (±0.04) and 0.37 mm/week (±0.13) during the periods of January-May and May-
August, respectively (Fig. 4b). All estimates of seasonal growth rates assume a constant 
growth rate over each period. Total growth and growth rates of juveniles are based on only 
the animals used for carbonate analyses in this study. 
Carbon Isotope Results 
DIC and Shell Carbonate. The average δ13CDIC value of water collected from Tank A 
between January and August was 0.48‰ (±0.14; n=13). Tank B samples averaged 0.54‰ 
(±0.11; n=11). Figure 5 is a time-series of δ13CDIC measurements in both environments over 
the experimental period, over which the carbon isotopic value of DIC was relatively stable. 
The average value of both environments over the experimental period was 0.51‰ (±0.13). 
Adults. Shell carbonate samples from 53 adults were analyzed. Four to five adults 
from each environment were harvested in May, and therefore integrated only the January to 
May period. The remaining 39 animals were harvested in August and represent the entire 
January through August growth period. Adults harvested in May had average δ13CS values of 
1.75‰ (±0.30; n=5) from Tank A, 2.06‰ (±0.22; n=5) from Tank B, and 1.73‰ (±0.34; 
n=4) from Cage D. Adults harvested in August had average values of 1.29‰ (±0.34; n=14) 
in Tank A, 1.32‰ (±0.24; n=15) Tank B and 1.40‰ (±0.20; n=10) in Cage D.  
Juveniles. Stable carbon isotope values were obtained for carbonate samples from 45 
individual juveniles (15 from each environment) harvested in August, 10 individuals 
harvested from Tank A in March and 10 in May. Individuals harvested in August were 
sampled from each of the seasonal growth periods where evident on the external shell 
surface. 122 juvenile carbonate values are included in the following results. During the 




averaged 1.11‰ (±0.18; n=13). The period integrating March through May averaged 1.90‰ 
(±0.16; n=21) in Tank A and 1.65‰ (±0.18; n=14) in Tank B. Cage D juveniles averaged 
1.60‰ (±0.15; n=14) from January to May. From May to August, carbon isotope values 
averaged 1.37‰ (±0.14; n=13), 1.31‰ (±0.19; n=12) and 1.40‰ (±0.22; n=11) in Tank A, 
Tank B and Cage D, respectively. Figure 6 depicts the range of values for each environment 
over the entire 29-week experimental period. 
Environmental Organic Carbon and Soft Tissue 
Soft Tissue Analyses. Five types of soft tissue and three separate harvests (November, 
December and August) were included in this study. Results were grouped by age (adults or 
juveniles) and tissue type, but are integrated over the three time periods and three 
environments (Fig. 7). Although individual tissues were separated and analyzed from 33 
juveniles, tissues from several individuals were combined by tissue type to obtain a large 
enough sample for analysis. As a result, averages represent nine values of each tissue type.  
Adult digestive gland values averaged -21.4‰ (±1.5; n=23), and juveniles averaged -
21.4‰ (±1.3; n=9). The average of adult foot values was -18.4‰ (±0.4; n=21), and juvenile 
foot values were -19.7‰ (±1.0; n=9). Gills of adults averaged -19.6‰ (±0.7; n=21) and 
juveniles averaged -20.0‰ (±1.2; n=9). Mantle tissue from adults had average values of -
18.7‰ (±0.6; n=22) and juvenile mantle tissue was -19.6‰ (±1.0; n=9). Muscle values 
averaged -17.9‰ (±0.4; n=23) for adults and -18.9‰ (±0.7; n=9) for juveniles. In both 
juveniles and adults, digestive gland values were the most depleted and muscle values were 
the most enriched in 13C. For this reason, subsequent calculations of metabolic carbon will 




POC Samples. Filter samples collected in May and November had sufficient sample 
to yield isotopic results. Filters collected in January and March had insufficient sample for 
δ13C determinations. The one filter collected in May had a carbon isotope value of -26.4‰, 
while an average of four replicate filters taken in November 2010 was -24.4‰ (±0.4).  
Sediment Samples. Ten sediment samples from the upper 0.5 cm of ten separate 
flowerpots in the Tank A flow through system yielded an average value of -20.8‰ (±0.3). 
This value should be representative of the particulate carbon reaching the animals over the 
course of the 29-week experiment. Due to the short time span represented by the POC filter 
samples and the relatively light carbon isotope values therein, we will use the average 
δ13Csediment in lieu of δ13CPOC when calculating metabolic contributions to shell carbonate. 
Shellfish Diet 1800. The shellfish paste added to Tank B had an average stable carbon 
isotope composition of -30.4‰ (±0.3; n=2).  
Percent Metabolic Contribution and Offset from Isotopic Equilibrium 
Values of δ13CR used in final calculations were average carbon isotope values of the 
digestive gland, muscle and sediment. δ13CDIC values used in Equation 1 were the average of 
δ13CDIC measurements made over the time period represented by the individual carbonate 
sample and were specific to environment. Values of δ13CDIC assigned to Cage D were the 
same as those in Tank A because water was pumped into the flowing seawater lab from the 
same approximate depth as Cage D (~10 meters). 
Average %CM was 7.6% (±1.4; Fig. 8) using the digestive gland, 8.8% (±1.7) using 
the muscle, and 8.2% (±1.5) using the average sediment value, integrated over all 




The average difference between δ13CS and was +0.96‰ (±0.32; n=175). In contrast, 
equilibrium fractionation between aragonite and bicarbonate, as defined by abiotic mineral 
synthesis, is 2.7‰ (Rubinson and Clayton, 1969; Romanek et al., 1992). Romanek et al. 
(1992) noted an enrichment of 2.7‰ ± 0.6 between bicarbonate and aragonite during 
inorganic precipitation. Presuming an enrichment of 2.7‰ for shell carbonate from ambient 




Although smaller scale variations appear in the data set, maximum and minimum 
calculations of percent metabolic contributions averaged 7.6 and 8.8% respectively, based on 
the most negative and positive carbon isotope values used to approximate respired carbon. 
These averages represent 175 carbonate samples from 114 individuals, a wide range of 
ontogenetic ages, grown in laboratory and in situ environments, under ambient and food-
supplemented conditions. This range is in good agreement with several other studies that 
have calculated percent metabolic contribution to shell material of aquatic mollusks 
(McConnaughey et al., 1997; Kennedy et al., 2001; Lorrain et al., 2004; Gillikin et al., 2006). 
Additionally, the averages are very near the hypothesized 10% contribution for aquatic 
mollusks given by the respiratory gas exchange model (McConnaughey et al., 1997). In 
contrast, many studies of marine mollusks have documented significantly higher %CM (e.g. 
up to 38%, Gillikin et al., 2007), as well as variable %CM over the lifetime or shell region 
(i.e. lateral vs. ventral margins) of an individual (e.g. Klein et al, 1996; Lorrain et al., 2004; 




researchers have noted both 13C enrichment (Klein et al., 1996; Gillikin et al., 2009) and 
depletion (Krantz et al., 1987; Kennedy et al., 2001; Elliot et al., 2003; Lorrain et al., 2004; 
Gillikin et al., 2007) with increasing biological age.  
Kinetic and Metabolic Isotope Effects 
Carbon isotope disequilibrium due to vital effects may be the result of either kinetic 
or metabolic isotope effects, or some combination thereof (summarized in Shanahan et al., 
2005). Under the kinetic model, fractionation associated with hydration and hydroxylation at 
the calcification site discriminates against the heavy isotope of carbon, leaving the calcifying 
fluids (extrapallial fluid, or EPF) depleted in 13C relative to the source DIC, which is a 
combination of environmental and metabolic sources (McConnaughey, 1989). The 
membrane separating the calcification fluid from the surrounding water is permeable to CO2, 
but impermeable to HCO3- (see Shanahan et al., 2005). However, direct exchange with 
ambient fluids around the periostracum allows for the addition of HCO3- from the 
surrounding water, which is deprotonated to produce carbonate ions for calcification (Vander 
Putten et al., 2000; McConnaughey and Gillikin, 2008). Additionally, the different forms of 
carbon in solution (i.e., CO2, HCO3-, CO32-) have different isotopic signatures, which can 
complicate computation of the metabolic contribution to shell carbonate depending upon 
which species is most abundant (Zhang et al., 1995). Over the range of pH during the 
experimental period (Fig. 2c), HCO3- should be by far the most abundant species of dissolved 
inorganic carbon (see Romanek et al., 1992). 
Several studies have noted that kinetic isotope effects appear to minimally affect 
marine mollusks (e.g. McConnaughey, 1989; Klein et al., 1996; Shanahan et al., 2005; 




carbonic anhydrase (CA), an enzyme that catalyzes the reaction of bicarbonate to CO2, and 
thereby facilitates diffusion across the membrane separating internal fluids from EPF (Paneth 
and O’Leary, 1985). Kinetic isotope effects should influence oxygen and carbon 
simultaneously and are therefore evidenced by a strong, positive correlation between δ18O 
and δ13C. The absence of this relationship can rule out a kinetic isotope effect on shell 
carbonate. In the case of A. islandica, this has been demonstrated in several studies (e.g., 
Schöne et al., 2004, 2005, 2011). 
Metabolic isotope effects are more commonly invoked to explain positive and 
negative departures of shell carbonate from equilibrium with ambient seawater. Metabolic 
isotope effects are the result of biological processes, such as respiration and photosynthesis, 
which alter the isotopic composition of CO2 and HCO3- originating from the food source 
(Klein et al., 1996). Klein et al. (1996) suggest that shell carbonate enrichment with varying 
position around the shell is a function of mantle metabolic activity, where higher rates of 
“metabolic pumping” are consistent with higher %CM and more negative δ13CS values. The 
authors observe that mantle metabolic activity is inversely proportional to growth rate, and is 
lower at the ventral, rather than the lateral margin of marine bivalve Mytilus trossulus. The 
difference in δ13CS between two individuals grown under identical conditions was attributed 
to a difference in metabolic pumping efficiency. Lorrain et al. (2004) also invoke metabolic 
isotope effects to explain a decrease in δ13CS throughout ontogeny within several individual 
scallops (Pecten maximus). They hypothesize that early in ontogeny the ratio of respired to 
precipitated carbon is low, therefore the shell values will substantially reflect environmental 




proportion of metabolic carbon (“internal” DIC), which is relatively depleted in 13C, 
incorporated into shell material increases and δ13CS becomes more negative. 
Variations in percent metabolic contributions among different species, individuals 
within a population and ontogenetic ages are likely related to both environmental and 
physiological heterogeneity among aquatic mollusks. McConnaughey et al. (1997) 
acknowledge that there are several assumptions inherent to the estimated value resulting from 
the respiratory gas exchange model they propose. First, gas exchange must meet, but not 
greatly exceed, oxygen demand in aquatic mollusks. At times when respiratory capacity in 
mollusks exceeds that necessary for O2 uptake, respired CO2 should be more effectively 
flushed out than estimated in the model. Additionally, the authors assume that there is no 
significant direct exchange between calcification fluids and ambient seawater that may allow 
for non-respiratory equilibration between fluids at the calcification site and environmental 
waters (see McConnaughey and Gillikin, 2008). Also, Gillikin et al. (2006) highlight that 
using a fixed ratio of CO2/O2 generalizes environmental conditions that may vary from site to 
site, seasonally, and with temperature and salinity. Blood oxygen ratios and permeability of 
epithileal tissues (both lipid and aqueous layers) may vary somewhat among species and 
have a small impact on the final calculation of the ratio of inward flux of CO2 from ambient 
water to the internally produced O2 from respiration (E/R; McConnaughey et al., 1997). 
Finally, the authors do not discuss how the ontogenetic variability in growth rate and 
metabolic activity would impact the calculation of percent metabolic contribution through the 






Growth Rate Effects 
It is well established that A. islandica shell growth is more rapid during the early 
stages of shell formation and slows considerably after maturity (Jones, 1980). In the present 
study, growth rates are approximately an order of magnitude higher in juveniles than in 
adults. In the winter months (January-March) when temperatures did not exceed 6°C, 
juveniles still grew an average of 0.21mm/week. However, growth rate is not a primary 
control on the δ13CS in either juveniles or adults (Fig. 4a and 4b). Figure 4b illustrates that 
growth rates in juveniles are highest in the May to August growth period, yet δ13CS is very 
similar to the January to March period. However, during the March to May period, δ13CS 
correlates positively with increasing growth rate (r2 = 0.23; p< 0.012). This time interval 
roughly correlates to the spring bloom in the Damariscotta River estuary (Townsend and 
Spinrad, 1986), during which there are higher than average rates of primary productivity. 
When rates of photosynthesis increase, isotopically light carbon is preferentially taken up by 
phytoplankton and thus, removed from the ambient water. The remaining DIC is more 
enriched in 13C (Gruber et al., 1999), so if the animals are incorporating the same amount (or 
more) environmental DIC into their shell material during the spring bloom, the resultant 
carbonate would be relatively enriched compared to other periods of time, as seen in Figure 
4b. We suggest that productivity may be a second order control on δ13CS for juvenile A. 
islandica during the spring bloom. However, more work is needed to fully explore this issue. 
A recent study conducted on A. islandica (Butler et al., 2011) observes trends toward 
13C enrichment or depletion in the biologically younger portions (0-40 years) of the shell 
from several individuals collected from different geographic regions. The authors contend 




limit the use of ontogenetically younger portions of the shell. Notably, in the data provided 
by Butler et al. (2011), there appears to be no significant relationship between age and 
isotopic value after the first 40 years. An alternative explanation for the trends in the early 
portions of the shells is true environmental variability. Since δ13CDIC is unknown for the 
animals used in their study, δ13CDIC variability cannot be eliminated as a possible explanation 
for the observed variability in δ13CS. 
Ontogenetic Effects 
Adults and juveniles examined in this study display very similar carbon isotopic 
compositions of shell material. Averaged across growth environment and growth period, 
adult A.islandica had a δ13CS of 1.47 ± 0.36‰ (n=53), and juveniles averaged 1.48 ± 0.30‰ 
(n=122). Additionally, when δ13CS values were compared to biological age (Fig. 4c), a very 
weak but significant (r2 = 0.06, p = 0.006) trend towards depletion of 13C with increasing age 
was observed. This comparison is somewhat limited by the uneven distribution of biological 
ages of the animals studied. Schöne et al. (2004) invoked the anti-correlation of temperature 
and increment widths as evidence of the lack of an ontogenetic effect in A. islandica. 
Additionally, Strahl and Abele (2010) noted no significant difference in the cell turnover 
rates in juvenile and adult A. islandica (ranging ~7-148 years old). Ontogenetic trends in 
δ13C fractionation can be explained by variable rates of calcification at different stages of 
ontogeny (see discussion of metabolic isotope effects above). However, unlike A. islandica, 
many of the studies that show a strong, unidirectional trend over the course of ontogeny have 
been conducted on short-lived bivalves (Klein et al., 1996; Lorrain et al., 2004; Gillikin et al., 




Due to the preliminary evidence that productivity may influence carbon isotopic 
composition of juvenile shell material during the spring bloom, caution must be exercised 
when attempting to reconstruct seasonal variation in δ13CDIC using this species. Averaged 
over the eight-month experimental period, there seems to be little effect from productivity on 
δ13CS in juveniles or adults.  
Values of Respired Carbon 
An extensive review of potential proxies for the estimation of δ13CR is presented by 
Gillikin et al. (2006). The authors evaluate the relationship between DIC and clam tissue 
used by Fry (2002) to approximate δ13CR. Fry (2002) suggested that δ13CDIC minus 20‰ 
could be used to estimate a value for δ13CR. Gillikin et al. (2006) observed that the 
relationship between δ13Ctissue and δ13CDIC minus 20‰, resulted in an intercept of nearly 
+5‰. This value is abnormally high considering that assimilation of carbon is generally 
acknowledged to result in enrichment of closer to +1‰ (Deniro and Epstein, 1978). The 
authors discuss several reasons for this increased offset, including particle selection of the 
organism, incorporation of alternative food sources (e.g. DOC, larvae, macroalgae detritus), 
and variability in lipid levels throughout the year. Lipids are depleted in the heavy isotope of 
carbon (e.g., Abelson and Hoering, 1961; Tieszen et al., 1983) and are least abundant directly 
after spawning (de Zwaan and Matheiu, 1992), so δ13Ctissue would be most positive at this 
time. Lipid levels are restored after the spring bloom and begin to accumulate in tissues 
throughout the summer (see also Lorrain et al., 2002; Swart et al., 2005). Gillikin et al. 
(2006) noted the most positive tissue values in March, consistent with the theory of lower 




Poulain et al. (2010) use digestive gland, mantle, muscle, phytoplankton and total soft 
tissue to calculate CM in an experiment where the food source is changed rapidly to a 
significantly depleted value (-58‰). When each proxy was evaluated, δ13Cphytoplankton was the 
most consistent predictor of CM, and muscle tissues took the longest period of time to 
respond. 
In the present study, relatively little difference was noted between Tank A and Tank 
B carbon isotope composition of shell carbonate (Fig. 6) and tissues. If there had been a 
significant contribution of the shellfish diet (δ13Cshellfish paste = -30.4‰) to the tissues of the 
animals in Tank B, we would have likely seen more negative δ13C values of tissues and 
potentially shell carbonate. Therefore, we conclude that the shellfish paste did not constitute 
a large part of the diet of the animals in Tank B (either due to too small a ration or selection 
against the paste) and ignore it in the forthcoming calculations of %CM. 
δ13CR represents assimilated carbon, therefore, as noted by Poulain et al. (2010), 
when integrating shell material over a long time period (e.g. annual averages), a longer 
turnover time tissue, such as muscle, may be the most appropriate proxy. If sampling on a 
finer scale, carbon assimilated into shorter turnover time tissues (such as the gills or digestive 
gland; Strahl and Abele, 2010), or periodic POC samples may give the most accurate 
estimation of CM. In the present study, we were interested in bracketing the highest and 
lowest metabolic contribution by using the most enriched and depleted sources of assimilated 
carbon, the muscle and digestive gland, respectively. It should be noted that in the present 
study, the sediment value collected to approximate POC over the course of the experimental 




using the 20‰ offset suggested by Fry (2002) (δ13Csed + 1‰= -19.8‰ (±0.3); δ13CDIC - 
20‰= -19.5‰ (±0.1)). 
Offset From Predicted Equilibrium 
We find that A. islandica shell aragonite is 1.74 ± 0.32‰, depleted in 13C relative to 
anticipated equilibrium values. For comparison, a laboratory culture experiment by Owen et 
al. (2008) found that for the larval stage of the scallop Placopecten magellanicus cultured at 
various DIC conditions, shell aragonite δ13C values were lower than predicted equilibrium 
values by 1.82 ± 0.22‰ (Romanek et al., 1992; Fig. 9).  
Based on our findings, the equation relating δ13CS to δ13CDIC for Arctica islandica is: 
 
δ13CDIC = δ13CS – 0.96‰ (±0.32)    (2) 
 
This estimation is limited by the relatively uniform δ13CDIC under which the experimental 
animals were cultured, as well as the artificially shallow and high-flow culture conditions. 
Nevertheless, we find a surprisingly consistent offset from 13C equilibrium, despite the 
variety of age classes, growth environments and growth periods sampled. 
 
Conclusions 
This study demonstrates that Arctica islandica deposits its shell material with a 
consistent and measurable offset from carbon isotope equilibrium under the experimental 
conditions described above. The results indicate that the average percent metabolic 
contribution to A. islandica shell carbonate is less than 10% based upon the three proxies 




δ13CS are nearly equal between juveniles and adults, suggesting that vital effects are minimal 
for this species. The offset from predicted equilibrium, based upon careful environmental 
monitoring, remained relatively consistent across the ontogenetic ages, growth environments 
and seasons examined in this study. We therefore conclude that Arctica islandica constitutes 
a viable proxy for paleo-DIC reconstructions. By applying the experimentally determined 
offset between δ13CS and δ13CDIC for this species, existing carbon isotope data from 
previously published studies may be used to reconstruct annual and sub-annual δ13CDIC time-
series in a variety of extratropical marine environments. These reconstructions may 
significantly expand the spatiotemporal network of paleo-DIC data. Based upon the findings 
of this study, caution should be exercised when attempting to reconstruct seasonal variation 
in δ13CDIC using this species, due to the preliminary evidence that productivity may exert a 
secondary influence on the carbon isotopic composition of the shell during the spring bloom. 
Additionally, future work is needed to confirm the veracity of these conclusions in deep 
water environments where food is less abundant and growth rates are slower, in a variety of 
geographic regions, and across variable DIC and salinity conditions.  
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Figure 1. Generalized map of the Gulf of Maine. Animals were collected off Jonesport, 
Maine and transported, live, to the Darling Marine Center in Walpole, Maine. Black 
circles mark the locations of the initial sample collection trip (Collection Site) and the 
location of the in situ cage (Darling Marine Center). 
Figure 2. Time-series of salinity (a; ± 0.2 ppt), temperature (b; ± 0.1°C), and pH (c; ± 0.2 
units) from the Hydrolab MiniSonde at the outflow of Tank B over the 29-week 
experimental period. Hourly measurements were binned weekly. Temperature series 
represent records from tidbit loggers (± 0.2°C) and a CTD diver (± 0.1°C) in addition to 
Hydrolab measurements. pH values have been drift corrected and normalized to spot 
checks taken with an Metrohm handheld pH meter (±0.003 units).  
Figure 3. Images of adult (a, b) and juvenile (c, d) specimens in cross-section under white (a, 
c) and fluorescent (b, d) light. Bright lines in (b) and (d) are consistent with calcein 
marking events. Adults were marked once at the beginning of the experiment, and 
juveniles were marked in January, March and May. Numbers 1, 2 and 3 (c, d, e) 
correspond to growth periods, January-March (1), March-May (2) and May-August (3). 
Photo (f) highlights the position of external checks (also visible in (e)) at the end of 
each growth period (white lines), as well as the areas hand sampled for carbonate 
analysis (black rectangles). This image was produced at the Bates College Imaging 
Center in Lewiston, Maine. 
Figure 4. Comparison of δ13C of shell versus growth rate in adults (a) and juveniles (b), and 




Figure 5. Time-series of δ13CDIC (dissolved inorganic carbon) during each month of the 
experimental period, beginning January 2010. Open circles represent water samples 
from Tank A and filled circles are from Tank B. The black square is the average value 
of two surface water samples collected at the site of animal collection in Jonesport, 
Maine on November 23, 2009. 
Figure 6. Carbon isotope values of shell carbonate from juveniles (left) and adults (right) in 
each growth environment. Crosses represent the median of each population, boxes 
display the first and third quartile and line are the maximum and minimum values 
within each group. 
Figure 7. δ13C values of individual tissues from juvenile and adult specimens. Sediment and 
particulate organic carbon (POC) values are also reported (see Fig. 6 for explanation of 
box and whisker symbols). 
Figure 8. Percent metabolic contribution (%CM) to shell material was calculated using three 
proxies for respired carbon – digestive gland, muscle and sediment – from juveniles 
and adults. The dashed line represents the 10% metabolic contribution hypothesized for 
aquatic mollusks using the respiratory gas exchange model (McConnaughey et al., 
1997). 
Figure 9. The shell carbonate data from this study are plotted against average DIC values 
over the growth period samples. Individual values, as well as averages from adults and 
juveniles are plotted relative to the experimentally determined relationship between 
inorganic aragonite and bicarbonate (Romanek et al., 1992). Data from Owen et al. 

























































CHAPTER 3: COHERENCE OF HIGH TO LOW-LATITUDE MARINE CARBON 
ISOTOPE RECORDS 
 
A paper to be submitted to Nature Geoscience 
 
Erin C. Beirne, Alan D. Wanamaker Jr., Peter K. Swart, Bernd R. Schöne, Amanda J. Waite, 
Jens Fiebig, Karl J. Kreutz, Douglas S. Introne 
 
 
δ13C records from marine calcium carbonate secreting organisms have been 
used to examine the oceanic response to the recent rise in atmospheric CO2 
concentrations. The carbon isotope composition of the atmosphere has become 
significantly more negative since the industrial revolution (the so-called 13C Suess 
Effect1), as seen through instrumental measurements2, dendrochronological records3 
and ice core reconstructions4,5. In the marine environment, these records are primarily 
derived from corals and sclerosponges, which are restricted to the tropical and 
subtropical oceans, thereby prohibiting comparisons between low and high-latitude 
marine carbon proxy records. Here we compare new marine bivalve δ13C values 
developed in this study, with previously published marine and atmospheric δ13C 
records through the last millennium, that show evidence of a major δ13C excursion, 
possibly related to an upwelling event in the Pacific Ocean in the early 1600s. The 
propagation, attenuation, and timing of the δ13C signal into the Indian Ocean, the 
tropical Atlantic Ocean and finally into the northern North Atlantic Ocean suggest that 
the perturbation was transmitted via surface currents associated with thermohaline 
circulation (THC) dynamics. Globally distributed specimens of corals, sclerosponges, 
and bivalves collected from 1 – 146 m depth are included in the record, yet the timing 




matched among all records. These findings suggest that in spite of regional controls on 
the absolute value of δ13C of dissolved inorganic carbon (DIC), the modern trend in 
δ13CDIC is dominated by a response to atmospheric δ13C depletion from fossil fuel 
combustion. The new extratropical bivalve δ13C data will allow for a more 
comprehensive evaluation of regional versus global controls on the marine δ13CDIC pool 
throughout the last 1000 years. 
 
Documenting the variability in marine carbon cycling prior to the industrial period is 
of great importance to defining natural versus anthropogenic perturbations to the marine 
carbonate system; however, many attempts to reconstruct DIC variability are either spatially 
or temporally limited. Previous proxy reconstructions of δ13CDIC have been used largely to 
document the changing post-industrial isotopic composition of the atmosphere, which is 
becoming more depleted with respect to 13CO2 due to the increased burning of isotopically 
“light” fossil fuels (13C Suess Effect1). A recent comparison among several globally 
distributed coral records shows evidence of a strong coherence among the world’s oceans 
with regards to rates of δ13CDIC change related to the 13C-Suess Effect6. This comparison does 
not extend into the pre-industrial era and therefore does not capture variability prior to 
anthropogenic influence. A combination of three sclerosponge records7 from the Caribbean 
basin documents a pre-industrial increase in δ13CDIC values between AD 1550 and 1600, 
which was hypothesized to be the result of a global increase in productivity7. However, it 
was concluded7 that more long-term δ13CDIC records from a variety of geographic regions are 




δ13CDIC proxy archive, Arctica islandica, that have extended the proxy coverage of δ13CDIC to 
AD 1033 from the northern North Atlantic Ocean (45° to 66° N; Fig. 1). This advancement 
has facilitated the first marine δ13CDIC reconstruction that compares tropical and extratropical 
regions (Fig. 2). Annually resolved stable carbon isotope records from the temperate oceans 
are scarce due to the lack of calibrated proxy archives that accurately reflect ambient 
seawater DIC8. However, an experimentally determined transfer function relating δ13CDIC to 
δ13C of shell carbonate has recently been developed9 for the marine bivalve, A. islandica, 
which has a wide geographical distribution in the temperate North Atlantic10.  
The δ13C values for the early part of the composite record (Fig. 2), during the 
Medeival Climate Anomaly (MCA, ~ AD 900-130011), are solely from A. islandica shells. A 
transition from predominantly more positive z-scores to less positive z-scores occurs at ~AD 
1390, which is approximately coincident with the transition from the MCA into the Little Ice 
Age (LIA). The persistent positive mode of the North Atlantic Oscillation (NAO) suggested 
to prevail during the MCA12 is associated with increased wind stress in the northern North 
Atlantic, enhanced meridional overturning circulation (MOC13), and increased productivity, 
potentially leaving residual DIC enriched relative to 13C (ref. 14).  Shortly after AD 1400, the 
NAO mode became less positive and more variable12, at which time the proxy record z-
scores become less positive. The agreement between sclerosponge and A. islandica data from 
high and low latitudes within the Atlantic basin, from ~ AD 1370-1470 indicates that this is 
not a regional δ13C signal. The marine-based evidence presented here is consistent with a 
weakening NAO system ca. AD 1450, which likely influenced surface DIC values within the 




Observed regional variability in δ13CDIC values are generally ascribed to some 
combination of four sources: vertical mixing (diffusion and entrainment), net community 
production, exchange with atmospheric CO2, and horizontal advection14-16. Negative 
anomalies in δ13CDIC could be the result of vertical mixing or atmospheric equilibration. 
Vertical mixing, through diffusion across the thermocline, entrainment during seasonal 
deepening of the thermocline, or by enhanced upwelling, brings oxidized organic matter to 
the surface. Organic matter δ13C is highly depleted relative to δ13CDIC17, so when deepwaters 
that have equilibrated with oxidized organic matter are brought to the surface, δ13CDIC will 
become more negative. Increased sequestration of atmospheric CO2, under present 
atmospheric conditions, will lead to a relative depletion of 13C as δ13CDIC approaches 
equilibrium with δ13Catm (about -8.2‰ at present2). Positive δ13CDIC excursions are often the 
result of increased net community production (i.e., photosynthesis minus respiration). Net 
community production preferentially takes up 12C and leaves the residual DIC more positive. 
Horizontal advection can have a positive or negative effect on δ13CDIC of a given region, 
depending upon the isotopic composition of the adjacent water masses, the proximity to 
freshwater input and the depth of the proxy record. Surface currents (e.g., Gulf Stream) that 
have had more time to equilibrate with the atmosphere will bear different (likely more 
positive16) isotopic signatures than deeper water masses.  
A marked shift in δ13C values occurs in the 1630s in corals from the Pacific Ocean, 
when negative anomalies in the data are followed by a rapid trend toward more positive δ13C 
values and then a gradual decrease in δ13C (Fig. 2). This same trend is seen in corals from the 




the North Atlantic Ocean (~ AD 1760). Sclerosponge records also indicate a positive trend 
beginning in the mid-1600s; however, the data comprising this record integrate over several 
years for each data point (~2-10 years7,18) and therefore do not capture interannual 
variability. Note that there is no noticeable change or perturbation in atmospheric δ13C values 
at this time, which suggests that this signal was solely derived from the marine environment. 
The progression of this trend throughout the world’s oceans points to a significant event, 
producing isotopic depletion relative to 13C, likely originating from the Pacific Ocean and 
then following the surface current path of the THC19 (Fig. 1).  
We suggest two possible mechanisms to explain these marine data. First, we 
hypothesize that a large upwelling event in the early 1600s brought isotopically depleted, and 
nutrient-rich, deepwater to the surface where it subsequently stimulated increased 
productivity, thereby rapidly enriching ambient DIC. Relative enrichment could also have 
been the result an abrupt end to the upwelling event. Alternatively, changes in deepwater 
formation rates, or episodic production of deepwater in the Southern Ocean (as suggested by 
ref. 20) during the LIA (roughly AD 1350 to 1850) might explain the δ13C perturbation. If 
large amounts of Southern Ocean deepwater were replaced by a larger proportion of 
horizontally advected surface water during the late 1600s, we might anticipate a similar 
isotopic signature (depleted values followed by relatively enriched values); however, 
horizontal advection could lead to either more enriched or more depleted values depending 
upon the isotopic composition of the adjacent water masses. Both hypotheses would result in 
changes not only to δ13C, but ∆14C as well. In the case of enhanced upwelling, ∆14C values 
should show a negative anomaly due to older water masses being brought to the surface. 




long-term trend. Alternatively, if Southern Ocean deepwater production had slowed and 
horizontally advected, young water masses were dominant, we would anticipate a shift from 
sustained negative to sustained positive ∆14C anomalies.  
A study conducted on a 323-year coral record from the Great Barrier Reef in 
Australia provided biannual δ13C and ∆14C values21. Radiocarbon values began as relatively 
depleted (~ AD 1635), became highly variable from AD 1680-1730, and finally became 
progressively more depleted toward modern values. Large shifts of 20-22‰ in ∆14C were 
hypothesized to be the result of a combination of deepening of the thermocline (~6‰ ∆14C 
for every 100 m), increased horizontal advection from the South Equatorial Current (depleted 
relative to the East Australian Current) during southerly excursions of the southern 
subtropical gyre, and rate changes in surface and subsurface mixing. The Marine04 model of 
global ∆14C values22, which is based upon atmospheric models (Intercal04), predicts a brief 
but marked negative ∆14C excursion at approximately AD 1700, indicating a change in 
atmospheric ∆14C values. However, ∆14C records from a Galapagos coral (AD 1587-1954) 
also show significant negative ∆14C anomalies during the early 1600s and 1800s, when 
compared to terrestrial values23, suggesting that the ∆14C shift was predominantly marine, not 
atmospheric, although atmospheric forcings may have augmented a marine event. 
Additionally, model results based upon intermittent coral records from the central tropical 
Pacific (~AD 930-1950) indicate a negative ∆14C excursion at approximately AD 1630 
within a general trend toward enrichment24. These results preliminarily support our first 
hypothesis of an abrupt and short-lived upwelling event beginning in the tropical Pacific, 




Over the last 200 years, coral, sclerosponge and bivalve records from multiple ocean 
basins converge and indicate increasingly rapid 13C depletion (Fig. 3). Ref. 6 compares rates 
of change in δ13C in corals over the latter part of this time period, concluding that the trend 
toward depletion is the result of the 13C Suess Effect, while the magnitude of the decrease 
depends upon ventilation rates in each basin and local hydrography. The authors also note 
that physiological activity of the corals may influence δ13C values. In the present study, use 
of A. islandica, which is a non-photosynthetic organism and therefore unaffected by changes 
in light intensity, provides an independent means of assessing the species-specific nature of 
δ13C trends. Because each biogenic proxy of δ13CDIC exhibits some complications related to 
physiology, agreement among records from a variety of proxies improves confidence that the 
observed trends are in fact the result of environmental conditions, rather than a physiological 
response of the individual organism. Due to the similarity of A. islandica records to other 
records, we conclude that the dominant factor controlling δ13C trends over the last ~200 years 
has been the anthropogenic input of CO2 to the atmosphere.  
When compared to the composite marine proxy record (Fig. 2), the atmospheric trend 
in δ13C generally tracks the average z-score values of the marine records, particularly from 
~AD 1800 to present (Fig. 3). The equilibration time of δ13C between the atmosphere and the 
surface oceans is approximately 10 years14. Therefore, the degree of equilibration between 
the oceans and the atmosphere currently depends upon the rate of change in δ13Catm values. In 
an examination of δ13C values of sclerosponges from the tropical Atlantic, calculations of 




to greater than 100% apparent equilibration when the rate of change slowed to the point in 
which the oceans were able to better reflect δ13Catm7.  
Comparison of pre- to post-industrial variability in δ13CDIC indicates that regional 
heterogeneity in carbon fluxes in the surface oceans has become less apparent since the rapid 
change in the isotopic composition of the atmosphere. In spite of annual and seasonal 
variability in δ13CDIC values (up to 1.4‰ in upwelling regions25), all of the marine records 
presented here mirror the unidirectional trend in atmospheric δ13C over the last 200 years, on 
a decadal to centennial time scale. The convergence of δ13C records from all ocean basins, 
and from a variety of latitudes, depths and species suggests that the surface ocean’s response 
to the 13C Suess Effect is now the dominant factor controlling δ13C of CaCO3, globally.  
In the context of the entire marine δ13C record presented here, it appears that during 
the last 1000 years, there has not been an atmospheric event or shift capable of producing a 
globally synchronous marine response prior to the 13C Suess effect. Future work is needed to 
assess the magnitude of ∆14C and δ13C shifts associated with large-scale upwelling events. 
These composite marine records would benefit from the addition of other high latitude, 
annually resolved and temporally continuous proxies of carbon cycling (e.g. coralline algae). 
Extension of the tropical records beyond the early 1600s and resolution of the gaps in the A. 
islandica record is necessary to evaluate the plausibility of the large-scale upwelling event 









All coral and sclerosponge δ13C records reported in ref. 6 were compiled, in addition 
to previously unpublished coral and sponge data from Swart and Waite (see Appendix). 
When necessary, subannual data were averaged to yield one data value per year. Subannual 
A. islandica δ13C data from the Gulf of Maine and the North Sea were reduced to weighted 
annual averages to compensate for differential growth rates of A. islandica throughout the 
year. Data from Iceland26 were also weighted by growing season. A. islandica data were then 
transformed into δ13CDIC  using a species-specific transfer function9. 
Each δ13CDIC record was transformed into a z-score record by subtracting the mean 
and dividing by the standard deviation of each record. Generally, z-scores were calculated 
using a site-specific mean and standard deviation; however, where appropriate, individual 
mean and standard deviations were calculated for individuals within a site (e.g. one shell 
above the thermocline and one below in the North Sea). 
Coral and sponge records were binned into categories: Atlantic corals, Pacific corals, 
Indian corals, enclosed basin corals and sponges (all Atlantic). Following ref. 6, enclosed 
basin corals were excluded from analysis. Additionally, A. islandica from the Irish Sea27 
were excluded from the composite record due to the carbonate sampling method. Each Irish 
Sea sample integrates over a 40 year time period, whereas all other A. islandica data is 
resolved annually. Composite records from each ocean basin (Fig. 2) were constructed by 
averaging z-scores from each year to yield one annual average per category. All A. islandica 
δ13CDIC values, z-scores from each record and z-scores normalized to the last 200 years are 
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Figure Captions 
Figure 1. Generalized location map of each proxy record included in the composite 
reconstruction (see Fig. 2). Pink symbols represent coral records, blue symbols are 
sclerosponge locations, and yellow symbols represent individual A. islandica shell locations. 
The general path of thermohaline circulation (THC) is shown on the world map (modified 
after ref. 28). Surface currents are red, deepwater currents are blue and intermediate depth 
currents are purple. The inset map shows the locations of each of the A. islandica shells in 
the northern North Atlantic, as well as the dominant currents in this region (LC=Labrador 
Current, NAC=North Atlantic Current, IC=Irminger Current, EIC=East Icelandic Current; 
red=shallow, blue=deep). 
Figure 2. Average annual z-score record of marine and atmospheric δ13C data over the 
past millennium. One unit represents one standard deviation away from the local 
mean. Z-scores were used to normalize for regional variability in the absolute value 
of δ13CDIC. Arrows and dashed lines highlight the beginning of the negative δ13C 
excursion in each ocean basin (Pacific ~AD 1635; Indian ~AD 1690; tropical Atlantic 




from each basin is represented by a bar graph and the right-hand y-axis; the colors 
associated with each basin is the for both n-value and z-score records.  
Figure 3. Z-scores from each category normalized to the last 200 years. Z-scores were 
recalculated to include only the last 200 years of each record in order to remove the 

































CHAPTER 4: GENERAL CONCLUSIONS 
The results presented in this thesis contribute to scientific understanding of the carbon 
isotope “black box,” as regards the marine mollusk, A. islandica. Previous work had 
suggested that A. islandica could make an excellent extratropical bioarchive of paleo-DIC 
(Butler et al., 2009; Schöne et al., 2011) in the event that metabolic carbon contributions are 
invariant over the lifetime of the animal and are small in comparison to the impact of DIC. 
The experimental calibration described in the second chapter of this thesis shows that both 
juveniles (~3 years old) and adults (19-64 years old) exhibit a low percent metabolic 
contribution to shell material (<10%), as well as a relatively constant metabolic contribution 
throughout ontogeny. The third chapter demonstrates that there is a favorable comparison 
between calculated δ13CDIC values and modern measurements of δ13CDIC, and an apparent 
lack of regional bias to the transfer function. Therefore, it appears that A. islandica is a viable 
proxy for the reconstruction of δ13CDIC both in theory and in practice. 
The DIC reconstruction presented in the third chapter demonstrates the new 
possibilities for documentation and interpretation of global oceanographic and atmospheric 
events, resulting from the addition of A. islandica to the proxies used for DIC 
reconstructions. Druffel and Griffin (1993) use the ∆14C records from a single coral to 
evaluate the possibility of large-scale changes in vertical mixing or horizontal advection. 
∆14C is used in lieu of δ13C partly because of the large isotope fractionation associated with 
physiological processes within the coral (Druffel, 1997). These physiological processes are 
not an issue for non-photosynthetic organisms, such as bivalves. If the same approach taken 




employed in the North Atlantic, we might gain further insight into the sources of variability 
in the δ13CDIC record. 
Rates of ventilation, recharge and deepwater formation are also of interest to climate 
scientists who wish to understand reorganization of ocean currents and circulation throughout 
geologic time, couplings within the climate system between atmospheric and oceanic 
circulation, or the cyclicity of environmental forcings such as North Atlantic Oscillation 
(NAO), El Niño-Southern Oscillation (ENSO), and Atlantic Multidecadal Oscillation 
(AMO). A study conducted by Druffel (1997) calculated ventilation rates in Florida for the 
70 years preceding nuclear bomb testing, using ∆14C records. The remaining variables in the 
equation (wind speed and relative input of dominant surface currents) are regionally specific 
and thus must be dealt with separately for calculations pertaining to a different region. 
However, the framework exists for modelers to use carbon isotope data that are unaffected by 
photosynthetic and vital effects in order to hindecast changes in ventilation rates in a given 
region. The evidence presented in this thesis, which suggests that δ13C of A. islandica is 
minimally affected by vital effects, may now make these δ13C data available for calculations 
of ventilation rates in the North Atlantic. 
The composite δ13CDIC record from A. islandica clearly shows the impact of the 13C-
Suess effect during the last 200 years. The timing and magnitude of this shift is in good 
agreement with other proxy archives of DIC (i.e. corals, corallines, and sclerosponges), 
implying that the dominant factor controlling the modern trend in marine carbon isotopes is 
the isotopic composition of the atmosphere. The comparison among different proxy archives 
from a variety of geographic locations, demonstrates for the first time that the there is a 




apparent regional nature of trends during the pre-industrial period. This suggests that the 13C-
Suess Effect represents the only atmospheric shift capable of producing a globally 
synchronous marine response in the last ~1000 years. Future work is needed to better 
understand the implications of this conclusion for equilibration with the atmosphere and the 
potential for separating sources of δ13CDIC variability under pre- and post-industrial 
conditions and to resolve gaps in the marine and atmospheric records. 
The results of the studies presented in this thesis add to the growing body of 
knowledge about the extent to which mollusk shell carbonate can be used for environmental 
reconstructions. The marine carbonate system may contain key information into the cycling 
and sequestration of atmospheric carbon and yet, our knowledge and understanding suffers 
from a lack of rigorously calibrated proxy archives in the extratropical oceans. Bioarchives 
have the potential to extend the spatial and temporal coverage of DIC reconstructions into 
regions of high anthropogenic carbon sequestration (e.g. the northern North Atlantic; Sabine 
et al., 2004) and into time periods of geologic and climatic significance (e.g. MCA and LIA). 
Given the results of this thesis, it appears that A. islandica may now be added to the 
calibrated bioarchives of DIC. 
Despite the progress made in this research, further refinement of the experimental 
calibration presented here would be useful in order to test the validity of these conclusions in 
deepwater, open-ocean settings. Studies conducted on rafts near monitoring stations or by 
attaching bivalves to buoys may provide insight into the consistency of metabolic 
contributions in different oceanic settings. Although the comparison between reconstructed 
δ13CDIC values and modern δ13CDIC measurements appears favorable in the Irish Sea and 




Modern calibrations in a variety of geographic regions would improve confidence in this 
archive and validate the use of the transfer function presented in this thesis. 
Tremendous opportunities exist to tap into the annually-resolved, long-lived marine 
organisms in the temperate oceans in order to better understand the natural variability of our 
climate system. The oceans cover more than two-thirds of the Earth’s surface, and yet this 
area is vastly underrepresented in paleoclimate studies (IPCC, 2007). This gap is starting to 
close through the meticulous work of sclerochronologists and sclerochemists who are 
attempting to create a data network comparable to that of dendrochronology. The comparison 
between dendrochronological and sclerochronological records has already yielded valuable 
information about the coupling and decoupling of the atmospheric and oceanic reservoirs 
(Druffel and Benavides, 1983; Druffel and Griffin, 1993; Helama et al., 2007; Black et al., 
2005; Black, 2009). Hopefully, this continued collaboration will produce useful proxy data 
for models of carbon cycling and calculations of carbon budgets in a changing climate.  
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Table A1: Carbonate and growth data for all individuals included in analysis
TANK A - Adults





January-May A21A052110R 1.92 0.09 0.22 0.04 0.67 0.04 23
A22A052110R 1.76 0.09 0.13 0.67 0.58 0.03 24
A23A052110R 1.23 0.09 0.14 0.06 0.37 0.02 27
A24A052110R 1.87 0.05 0.18 0.06 0.59 0.03 21
A25A052110L 1.95 0.04 0.30 0.07 1.04 0.05 32
January-August A002_1-8 1.29 0.07 -0.15 0.08 2.87 0.10 23
A003_1-8 1.31 0.09 0.61 0.08 2.29 0.08 22
A004_1-8 1.76 0.07 -0.06 0.10 2.11 0.07 29
A005_1-8 0.93 0.10 -0.19 0.07 0.69 0.02 64
A006_1-8 1.53 0.09 0.14 0.09 2.15 0.07 22
A007_1-8 1.35 0.04 -0.30 0.08 3.11 0.11 24
A008_1-8 0.87 0.06 -0.76 0.05 2.19 0.07 23
A009_1-8 1.36 0.07 -0.43 0.05 2.87 0.10 29
A010_1-8 0.90 0.08 -0.46 0.10 0.92 0.03 35
A011_1-8 1.88 0.05 -0.38 0.06 2.91 0.10 22
A012_1-8 1.40 0.05 -0.46 0.06 3.11 0.11 23
A013_1-8 1.60 0.06 -0.20 0.08 1.81 0.06 27
A014_1-8 0.77 0.04 -0.31 0.06 1.30 0.04 45
A015_1-8 1.09 0.04 -0.48 0.05 2.00 0.07 22
TANK A - Juveniles





Januray-March A101_1-3 1.36 0.06 1.22 0.07 1.96 0.20 2-3
A102_1-3 1.39 0.06 1.35 0.05 2.65 0.27 2-3 80
Table A1 continued





A103_1-3 1.09 0.04 1.24 0.07 2.40 0.24 2-3
A104_1-3 1.20 0.08 0.94 0.08 2.24 0.22 2-3
A105_1-3 1.00 0.07 0.72 0.07 2.42 0.24 2-3
A106_1-3 1.12 0.08 1.02 0.09 2.49 0.25 2-3
A107_1-3 1.45 0.07 1.01 0.06 1.94 0.19 2-3
A108_1-3 1.41 0.05 1.30 0.07 2.34 0.23 2-3
A109_1-3 1.47 0.07 1.32 0.07 2.04 0.20 2-3
A110_1-3 0.97 0.08 0.81 0.07 2.89 0.29 2-3
A111_1-3 1.32 0.07 1.11 0.07 2.73 0.27 2-3
A112_1-3 1.62 0.07 1.17 0.07 2.21 0.22 2-3
A113_1-3 1.34 0.06 1.12 0.03 2.33 0.23 2-3
A114_1-3 1.13 0.04 1.31 0.05 2.20 0.22 2-3
J07A032010L 1.35 0.05 1.53 0.07 2.41 0.24 2-3
J09A032010L 1.50 0.05 1.69 0.04 2.27 0.23 2-3
J14A032010L 1.27 0.09 1.45 0.08 2.36 0.24 2-3
J19A032010L 1.60 0.06 1.52 0.11 1.70 0.17 2-3
J20A032010L 1.48 0.06 1.57 0.04 2.49 0.25 2-3
J22A032010R 1.36 0.08 1.60 0.07 2.25 0.23 2-3
J26A032010L 1.48 0.04 1.71 0.06 2.27 0.23 2-3
J30A032010L 1.56 0.06 1.63 0.06 2.01 0.20 2-3
J34A032010L 1.44 0.07 1.52 0.06 1.78 0.18 2-3
J50A032010L 1.03 0.07 1.32 0.05 2.03 0.20 2-3
March-May A101_3-5 1.83 0.07 -0.02 0.08 4.43 0.50 2-3
A102_3-5 1.97 0.06 0.07 0.10 4.68 0.53 2-3
A103_3-5 1.72 0.06 0.00 0.10 4.53 0.51 2-3
A104_3-5 1.76 0.08 0.12 0.06 4.58 0.52 2-3
A105_3-5 1.77 0.09 0.01 0.04 4.46 0.50 2-3
A106_3-5 1.74 0.07 -0.03 0.07 3.95 0.45 2-3
A107_3-5 1.92 0.05 0.10 0.07 4.12 0.47 2-3
A108_3-5 1.72 0.09 0.01 0.12 4.34 0.49 2-3 81
Table A1 continued





A109_3-5 1.97 0.07 0.09 0.08 4.86 0.55 2-3
A111_3-5 1.72 0.06 0.01 0.09 4.52 0.51 2-3
A112_3-5 1.90 0.05 0.36 0.06 4.29 0.48 2-3
A113_3-5 1.71 0.08 -0.01 0.08 5.08 0.57 2-3
A114_3-5 1.77 0.07 0.39 0.09 4.58 0.52 2-3
J06A052110L 2.15 0.06 0.16 0.06 2-3
J08A052110L 1.91 0.09 0.15 0.07 2-3
J16A052110L 2.20 0.07 0.30 0.05 2-3
J17A052110L 1.97 0.07 -0.05 0.05 2-3
J28A052110L 2.03 0.07 0.16 0.04 2-3
J38A052110L 1.87 0.06 0.09 0.05 2-3
J41A052110L 2.02 0.05 0.07 0.07 2-3
J49A052110L 2.17 0.06 0.22 0.06 2-3
May-August A102_5-8 1.43 0.07 -1.09 0.10 6.87 0.65 2-3
A103_5-8 1.17 0.09 -1.08 0.07 6.42 0.61 2-3
A104_5-8 1.44 0.06 -1.13 0.08 7.23 0.68 2-3
A105_5-8 1.18 0.07 -0.97 0.11 7.20 0.68 2-3
A106_5-8 1.45 0.06 -1.22 0.08 6.96 0.66 2-3
A107_5-8 1.32 0.09 -0.97 0.11 4.95 0.47 2-3
A109_5-8 1.51 0.06 -1.03 0.10 5.40 0.51 2-3
A110_5-8 1.63 0.05 -1.09 0.03 5.25 0.50 2-3
A111_5-8 1.27 0.04 -1.00 0.06 3.66 0.35 2-3
A112_5-8 1.54 0.05 -1.01 0.07 5.11 0.48 2-3
A113_5-8 1.25 0.05 -1.16 0.05 4.93 0.47 2-3
A114_5-8 1.33 0.07 -0.67 0.05 6.07 0.57 2-3
A115_5-8 1.32 0.07 -0.29 0.05 7.13 0.67 2-3
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Table A1 continued
TANK B - Adults





January-May A21B052210R 2.30 0.07 0.35 0.15 1.34 0.07 28
A22B052210R 2.15 0.05 0.39 0.08 0.84 0.04 25
A23B052210R 1.99 0.06 0.35 0.28 1.44 0.08 20
A24B052210R 1.72 0.05 0.17 0.02 1.15 0.06 23
A25B052210R 2.14 0.06 0.27 0.05 0.33 0.02 45
January-August B001_1-8 1.58 0.06 -0.65 0.08 1.17 0.04 28
B003_1-8 1.36 0.05 -0.53 0.04 2.02 0.07 23
B004_1-8 0.98 0.06 -0.20 0.06 2.45 0.08 35
B005_1-8 0.92 0.06 -0.39 0.09 1.95 0.07 24
B006_1-8 1.01 0.06 -0.46 0.04 2.66 0.09 28
B007_1-8 1.22 0.06 -0.12 0.07 2.13 0.07 26
B008_1-8 1.29 0.05 -0.47 0.06 1.33 0.05 26
B009_1-8 1.55 0.06 -0.20 0.05 2.14 0.07 19
B010_1-8 1.00 0.08 -0.47 0.06 1.59 0.05 31
B011_1-8 1.46 0.06 -0.59 0.07 1.63 0.06 40
B012_1-8 1.35 0.06 -0.34 0.06 2.60 0.09 19
B014_1-8 1.36 0.10 -0.06 0.11 1.04 0.04 36
B015_1-8 1.59 0.07 -0.28 0.07 0.75 0.03 49
B016_1-8 1.59 0.05 -0.22 0.04 3.24 0.11 24
B017_1-8 1.52 0.06 -0.64 0.05 3.00 0.10 23
TANK B - Juveniles





Januray-March B101_1-3 1.00 0.05 1.34 0.09 1.41 0.14 2-3
B102_1-3 0.95 0.04 1.14 0.06 2.14 0.21 2-3
B104_1-3 1.20 0.08 0.95 0.07 1.96 0.20 2-3 83
Table A1 continued





B105_1-3 1.05 0.05 1.61 0.07 2.03 0.20 2-3
B106_1-3 1.44 0.06 1.29 0.09 2.52 0.25 2-3
B107_1-3 0.98 0.07 0.09 0.08 2.64 0.26 2-3
B108_1-3 0.89 0.09 0.87 0.09 2.05 0.21 2-3
B110_1-3 1.16 0.08 0.45 0.07 2.03 0.20 2-3
B111_1-3 1.36 0.05 1.17 0.07 0.74 0.07 2-3
B112_1-3 0.88 0.05 1.17 0.08 1.79 0.18 2-3
B113_1-3 1.15 0.09 1.18 0.07 2.01 0.20 2-3
B115_1-3 1.20 0.07 1.14 0.09 1.78 0.18 2-3
B117_1-3 1.24 0.04 1.29 0.08 2.11 0.21 2-3
March-May B101_3-5 1.70 0.08 0.37 0.07 4.71 0.52 2-3
B102_3-5 1.62 0.04 0.44 0.08 4.06 0.45 2-3
B104_3-5 1.92 0.06 0.43 0.07 4.26 0.47 2-3
B105_3-5 1.63 0.06 -0.21 0.08 4.62 0.51 2-3
B106_3-5 1.75 0.08 -0.16 0.06 4.48 0.50 2-3
B107_3-5 1.51 0.08 -0.61 0.08 4.04 0.45 2-3
B108_3-5 1.56 0.08 -0.13 0.09 4.51 0.50 2-3
B110_3-5 1.26 0.09 -0.33 0.07 3.47 0.39 2-3
B111_3-5 1.80 0.06 0.55 0.09 4.69 0.52 2-3
B112_3-5 1.70 0.05 0.55 0.08 3.93 0.44 2-3
B113_3-5 1.80 0.05 0.38 0.09 3.36 0.37 2-3
B115_3-5 1.74 0.03 0.43 0.07 4.44 0.49 2-3
B116_3-5 1.37 0.06 0.34 0.08 3.71 0.41 2-3
B117_3-5 1.70 0.05 0.40 0.05 3.84 0.43 2-3
May-August B102_5-8 1.18 0.06 -1.24 0.06 5.68 0.54 2-3
B104_5-8 1.23 0.09 -1.28 0.05 5.41 0.51 2-3
B105_5-8 1.32 0.07 -1.24 0.07 7.64 0.72 2-3
B106_5-8 1.36 0.07 -0.45 0.09 5.06 0.48 2-3
B107_5-8 1.17 0.10 -0.79 0.04 6.65 0.63 2-3
B108_5-8 1.28 0.08 -0.66 0.10 7.24 0.68 2-3 84
Table A1 continued





B110_5-8 0.86 0.06 -0.87 0.11 6.56 0.62 2-3
B111_5-8 1.29 0.07 -0.64 0.09 5.19 0.49 2-3
B112_5-8 1.51 0.09 -0.56 0.09 6.72 0.64 2-3
B113_5-8 1.51 0.09 -0.52 0.09 6.61 0.63 2-3
B114_5-8 1.46 0.06 -0.61 0.08 3.48 0.33 2-3
B115_5-8 1.52 0.08 -0.59 0.09 6.80 0.64 2-3
Cage D - Adults





January-May A22D052210R 1.52 0.06 1.08 0.10 0.23 0.01 31
A23D052210R 2.06 0.05 0.41 0.22 0.85 0.05 20
A24D052210R 1.97 0.03 0.57 0.07 1.19 0.07 19
A25D052210R 1.36 0.06 0.70 0.02 0.42 0.02 24
January-August D002_1-8 1.40 0.07 -0.28 0.08 1.92 0.07 30
D003_1-8 1.52 0.07 -0.78 0.04 0.98 0.03 23
D004_1-8 1.14 0.06 -0.71 0.09 1.52 0.05 24
D007_1-8 1.19 0.05 -0.77 0.08 0.52 0.02 56
D008_1-8 1.54 0.06 -0.50 0.09 1.85 0.06 22
D009_1-8 1.38 0.07 -0.17 0.05 1.27 0.04 25
D012_1-8 1.22 0.06 -0.41 0.04 0.93 0.03 25
D013_1-8 1.57 0.05 0.33 0.06 1.17 0.04 25
D014_1-8 1.29 0.03 -0.38 0.06 1.83 0.06 21
D015_1-8 1.78 0.07 -0.22 0.07 2.68 0.09 24
85
Table A1 continued
Cage D - Juveniles





January-May D101_1-5 1.54 0.07 0.40 0.10 5.47 0.31 2-3
D102_1-5 1.55 0.10 0.20 0.06 5.27 0.30 2-3
D103_1-5 1.52 0.04 0.43 0.09 5.77 0.33 2-3
D104_1-5 1.77 0.09 0.30 0.07 6.11 0.34 2-3
D105_1-5 1.53 0.08 0.13 0.05 5.89 0.33 2-3
D106_1-5 1.76 0.07 0.44 0.08 5.58 0.32 2-3
D108_1-5 1.73 0.06 0.27 0.10 3.61 0.20 2-3
D109_1-5 1.96 0.09 0.21 0.09 5.55 0.31 2-3
D110_1-5 1.53 0.07 0.05 0.06 5.61 0.32 2-3
D111_1-5 1.39 0.08 0.25 0.11 5.50 0.31 2-3
D113_1-5 1.52 0.07 0.41 0.05 5.84 0.33 2-3
D114_1-5 1.62 0.04 0.20 0.06 4.81 0.27 2-3
D116_1-5 1.43 0.06 0.26 0.09 4.86 0.27 2-3
D117_1-5 1.60 0.03 0.13 0.06 5.14 0.29 2-3
May-August D101_5-8 1.37 0.05 -1.20 0.10 4.12 0.36 2-3
D102_5-8 1.49 0.09 -1.20 0.11 5.84 0.51 2-3
D103_5-8 1.28 0.09 -0.64 0.07 4.37 0.38 2-3
D104_5-8 1.68 0.07 -1.07 0.07 6.12 0.54 2-3
D105_5-8 0.91 0.07 -0.56 0.10 0.76 0.07 2-3
D106_5-8 1.70 0.07 -0.65 0.06 5.59 0.49 2-3
D109_5-8 1.49 0.07 -0.68 0.09 3.90 0.34 2-3
D113_5-8 1.41 0.08 -0.88 0.13 2.75 0.24 2-3
D114_5-8 1.45 0.08 -0.79 0.06 3.31 0.29 2-3
D116_5-8 1.25 0.04 -0.82 0.05 2.57 0.23 2-3
D117_5-8 1.43 0.07 -1.07 0.11 5.09 0.45 2-3
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Table A2: Soft tissue isotope data
November Harvest ID δ13C (‰) δ15N (‰)
Adult - Digestive Gland Tow1-1 -19.32 5.72
Adult - Foot Tow1-1 -17.72 7.70
Adult - Gills Tow1-1 -18.14 7.17
Adult - Mantle Tow1-1 -17.81 7.13
Adult - Muscle Tow1-1 -17.51 8.21
December Harvest ID δ13C (‰) δ15N (‰)





Adult - Foot 48W_A Foot -18.07 7.51
6W_A Foot -18.27 7.46
24A-A Foot -17.92 7.68
Adult - Gills 24W_A Gill -18.54 7.56
48W_A Gill -18.48 7.78
24A-A Gill -18.46 7.32
Adult - Mantle 24A_A Mantle -18.09 6.91
24W_A Mantle -17.95 7.02
6W_A Mantle -17.99 6.97
24A-A Mantle -18.04 7.14
Adult - Muscle 24W-A Muscle -17.43 8.15
48W-A Muscle -17.76 8.02
6W-A Muscle -17.42 8.25
24A-A Muscle -17.53 8.15
6W_A Muscle -17.52 8.13
Juvenile - Digestive Gland 24 48 6_W_E F -20.03 6.07
24 48 6_A_E F -20.09 6.17
24A W 48A W_D -19.98 5.62
6A W_D -20.02 5.65
Juvenile - Foot 24 48 6_A_E F -18.64 6.75
24A W 48A W_D -18.66 6.40
24 48 6_W_E F -18.89 7.09
6A W_D -18.88 6.22
Juvenile - Gills 24 48 6_W_E F -18.69 7.11
24A W 48A W_D -19.19 6.97
6A W_D -18.78 7.00
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Table A2 continued
December Harvest ID δ13C (‰) δ15N (‰)
24 48 6_A_E F -18.80 7.07
Juvenile - Mantle 24 48 6_W_E F -18.52 6.76
24 48 6_A_E F -18.57 6.66
6A W_D -18.66 6.71
24A W 48A W_D -18.60 6.42
Juvenile - Muscle 24 48 6_A_E F -18.34 7.38
24A W 48A W_D -18.24 7.25
24 48 6_W_E F -18.38 7.58
6A W_D -18.15 6.94
August Harvest ID δ13C (‰) δ15N (‰)


































August Harvest ID δ13C (‰) δ15N (‰)
D004-Foot -18.33 8.09
D005-Foot -17.77 8.52
















































































Table A3: Isotopic values of sediment and POC 

















Shellfish Paste ID δ13C (‰) δ15N (‰)
shellfish paste_1 -30.16 2.52
shellfish paste_2 -30.60 2.62
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Table A4: Offset from equilibrium and metabolic contribution
May Harvest Offset from Equilibrium
Environment Growth Period δ13CS - δ
13CDIC (‰) Digestive Gland Muscle Sediment
TANK A - Juveniles January to March 0.86 8.05 9.00 8.73
1.00 7.42 8.29 8.04
0.78 8.40 9.39 9.10
1.11 6.97 7.80 7.56
0.99 7.50 8.38 8.13
0.86 8.03 8.97 8.70
0.99 7.48 8.36 8.11
1.06 7.15 7.99 7.75
0.94 7.69 8.59 8.34
0.54 9.46 10.58 10.26
March to May 1.62 4.70 5.25 5.09
1.38 5.75 6.42 6.23
1.68 4.47 4.99 4.84
1.45 5.45 6.09 5.91
1.51 5.21 5.82 5.65
1.35 5.92 6.61 6.41
1.50 5.26 5.88 5.70
1.65 4.60 5.14 4.98
TANK A - Adults January to May 1.46 5.43 6.58 5.81
1.30 6.15 7.47 6.59
0.77 8.47 10.27 9.06
1.41 5.66 6.86 6.06
1.49 5.33 6.47 5.71
TANK B - Adults January to May 1.76 3.99 4.98 4.42




May Harvest Offset from Equilibrium
Environment Growth Period δ13CS - δ
13CDIC (‰) Digestive Gland Muscle Sediment
1.45 5.29 6.61 5.87
1.18 6.44 8.03 7.13
1.60 4.66 5.82 5.17
CAGE D - Adults January to May 1.02 7.91 9.26 7.91
1.55 5.39 6.31 5.39
1.47 5.78 6.77 5.78
0.85 8.66 10.14 8.66
August Harvest Offset from Equilibrium
Environment Growth Period δ13CS - δ
13CDIC (‰) Digestive Gland Muscle Sediment
TANK A - Juveniles January to March 0.87 8.02 8.96 8.61
0.89 7.90 8.83 8.49
0.60 9.19 10.27 9.86
0.71 8.71 9.74 9.36
0.51 9.59 10.72 10.30
0.62 9.08 10.15 9.75
0.96 7.63 8.53 8.19
0.92 7.80 8.72 8.38
0.98 7.52 8.40 8.07
0.48 9.73 10.87 10.45
0.82 8.21 9.17 8.81
1.13 6.87 7.68 7.38
0.85 8.10 9.05 8.69
0.64 9.01 10.06 9.67
March to May 1.31 6.09 6.80 6.54
1.45 5.47 6.11 5.87





August Harvest Offset from Equilibrium
Environment Growth Period δ13CS - δ
13CDIC (‰) Digestive Gland Muscle Sediment
1.24 6.37 7.12 6.84
1.25 6.34 7.09 6.81
1.22 6.47 7.23 6.95
1.40 5.69 6.36 6.11
1.20 6.57 7.34 7.05
1.44 5.48 6.13 5.89
1.20 6.55 7.32 7.04
1.38 5.75 6.43 6.18
1.19 6.60 7.38 7.09
1.25 6.33 7.07 6.79
May to August 0.93 7.73 8.64 8.30
0.67 8.86 9.90 9.51
0.95 7.65 8.55 8.22
0.69 8.79 9.83 9.44
0.96 7.60 8.50 8.17
0.83 8.18 9.14 8.78
1.02 7.35 8.22 7.90
1.14 6.82 7.63 7.33
0.77 8.43 9.42 9.05
1.05 7.23 8.09 7.77
0.76 8.49 9.49 9.12
0.83 8.17 9.13 8.77
0.82 8.21 9.17 8.81
TANK A - Adults January-August 0.79 8.39 10.18 8.98
0.81 8.31 10.08 8.89
1.25 6.34 7.69 6.79
0.43 9.95 12.07 10.65
1.03 7.32 8.88 7.83




August Harvest Offset from Equilibrium
Environment Growth Period δ13CS - δ
13CDIC (‰) Digestive Gland Muscle Sediment
0.37 10.23 12.41 10.95
0.86 8.06 9.77 8.63
0.40 10.07 12.21 10.78
1.38 5.81 7.05 6.22
0.90 7.88 9.55 8.43
1.10 7.00 8.49 7.50
0.26 10.68 12.95 11.43
0.59 9.25 11.22 9.90
TANK B - Juveniles January-March 0.45 9.50 10.98 10.55
0.40 9.71 11.22 10.77
0.64 8.68 10.03 9.64
0.49 9.31 10.76 10.33
0.89 7.66 8.85 8.50
0.42 9.61 11.11 10.66
0.33 9.99 11.54 11.08
0.60 8.85 10.23 9.82
0.80 8.01 9.25 8.89
0.32 10.02 11.58 11.12
0.60 8.88 10.26 9.86
0.64 8.68 10.03 9.63
0.69 8.49 9.81 9.42
March-May 1.19 6.40 7.40 7.11
1.11 6.74 7.79 7.55
1.40 5.48 6.34 6.15
1.11 6.72 7.77 7.53
1.23 6.21 7.18 6.96
0.99 7.21 8.33 8.08
1.04 7.00 8.09 7.84




August Harvest Offset from Equilibrium
Environment Growth Period δ13CS - δ
13CDIC (‰) Digestive Gland Muscle Sediment
1.29 5.98 6.91 6.70
1.18 6.41 7.41 7.18
1.28 5.98 6.92 6.70
1.23 6.23 7.20 6.98
0.85 7.81 9.02 8.75
1.18 6.41 7.41 7.18
May-August 0.63 8.72 10.08 9.68
0.68 8.54 9.87 9.48
0.77 8.14 9.40 9.03
0.81 7.98 9.22 8.85
0.62 8.79 10.16 9.75
0.73 8.31 9.61 9.23
0.31 10.08 11.65 11.18
0.74 8.29 9.58 9.20
0.96 7.36 8.50 8.16
0.96 7.34 8.48 8.15
0.91 7.55 8.72 8.38
0.97 7.28 8.42 8.08
TANK B - Adults January-August 1.05 6.99 8.72 7.74
0.82 7.94 9.92 8.80
0.44 9.56 11.93 10.59
0.38 9.81 12.24 10.87
0.48 9.40 11.74 10.42
0.68 8.54 10.65 9.46
0.76 8.22 10.27 9.11
1.02 7.12 8.88 7.88
0.46 9.48 11.83 10.50
0.92 7.51 9.38 8.32




August Harvest Offset from Equilibrium
Environment Growth Period δ13CS - δ
13CDIC (‰) Digestive Gland Muscle Sediment
0.82 7.93 9.90 8.79
1.05 6.97 8.70 7.72
1.05 6.98 8.71 7.73
0.98 7.26 9.06 8.04
CAGE D - Juveniles January-May 1.04 7.49 8.56 7.80
1.04 7.48 8.55 7.78
1.01 7.62 8.71 7.93
1.26 6.48 7.41 6.74
1.02 7.57 8.65 7.88
1.25 6.53 7.47 6.80
1.22 6.67 7.63 6.94
1.46 5.61 6.41 5.83
1.02 7.57 8.65 7.88
0.88 8.20 9.37 8.53
1.02 7.58 8.67 7.89
1.11 7.17 8.20 7.47
0.93 8.00 9.14 8.32
1.09 7.25 8.29 7.55
May-August 0.88 8.23 9.41 8.57
1.00 7.69 8.79 8.00
0.78 8.64 9.88 9.00
1.18 6.85 7.83 7.13
0.41 10.32 11.80 10.74
1.21 6.74 7.71 7.02
1.00 7.69 8.79 8.01
0.92 8.04 9.19 8.36
0.95 7.89 9.02 8.21
0.76 8.77 10.03 9.13




August Harvest Offset from Equilibrium
Environment Growth Period δ13CS - δ
13CDIC (‰) Digestive Gland Muscle Sediment
CAGE D - Adults January-August 0.90 8.44 9.88 8.44
1.01 7.91 9.26 7.91
0.64 9.68 11.33 9.68
0.69 9.45 11.06 9.45
1.04 7.78 9.11 7.78
0.88 8.55 10.00 8.55
0.72 9.29 10.87 9.29
1.07 7.66 8.96 7.66
0.79 8.97 10.49 8.97
1.28 6.67 7.80 6.67
Average (n=175) 0.96 7.58 8.79 8.16
standard deviation 0.32 1.37 1.65 1.49
Metabolic Contribution (%)
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Table A5: Tissue replicate samples
ADULTS JUVENILES
Digestive Gland ID δ13C (‰) δ15N (‰) Digestive Gland ID δ13C (‰) δ15N (‰)
A001-DG_1 -22.40 6.17 Juv-TankA-DG_1 -22.75 6.00
A001-DG_2 -22.24 6.11 Juv-TankA-DG_2 -22.53 6.01
A001-DG_3 -22.48 6.20 Juv-TankA-DG_3 -22.63 6.01
AVERAGE -22.37 6.16 AVERAGE -22.64 6.01
STDEV 0.12 0.05 STDEV 0.11 0.01
Foot ID δ13C (‰) δ15N (‰) Foot ID δ13C (‰) δ15N (‰)
A004-Foot_1 -18.60 7.88 Juv-TankB-Foot_1 -20.73 7.39
A004-Foot_2 -18.71 7.84 Juv-TankB-Foot_2 -20.67 7.40
A004-Foot_3 -18.60 7.91 Juv-TankB-Foot_3 -20.83 7.44
AVERAGE -18.64 7.88 AVERAGE -20.74 7.41
STDEV 0.06 0.03 STDEV 0.08 0.03
Gill ID δ13C (‰) δ15N (‰) Gill ID δ13C (‰) δ15N (‰)
B001-Gill_1 -20.01 7.67 Juv-CageD-Gill-1 -20.46 7.98
B001-Gill_2 -19.99 7.57 Juv-CageD-Gill-2 -20.48 8.05
B001-Gill_3 -19.97 7.59 Juv-CageD-Gill-3 -20.40 8.12
AVERAGE -19.99 7.61 AVERAGE -20.45 8.05
STDEV 0.02 0.06 STDEV 0.04 0.07
Mantle ID δ13C (‰) δ15N (‰) Mantle ID δ13C (‰) δ15N (‰)
B004-Mantle_1 -19.11 7.95 Juv-TankA-Mantle_1 -20.74 7.30
B004-Mantle_2 -19.07 7.91 Juv-TankA-Mantle_2 -20.74 7.27
B004-Mantle_3 -19.05 7.98 Juv-TankA-Mantle_3 -20.68 7.29
AVERAGE -19.08 7.95 AVERAGE -20.72 7.29
STDEV 0.03 0.03 STDEV 0.03 0.01
Muscle ID δ13C (‰) δ15N (‰) Muscle ID δ13C (‰) δ15N (‰)
D001-Muscle_1 -17.58 8.92 Juv-CageD-Muscle_1 -18.83 8.35
D001-Muscle_2 -17.52 8.93 Juv-CageD-Muscle_2 -18.97 8.37
D001-Muscle_3 -17.64 8.85 Juv-CageD-Muscle_3 -18.87 8.42
AVERAGE -17.58 8.90 AVERAGE -18.89 8.38
STDEV 0.06 0.04 STDEV 0.07 0.04 99
Table A6: Biweekly DIC data
Collection Trip
Sample Name Date Collected δ13C (‰) std. dev. Avg. δ13C (‰) std. dev.
GOM 11-23 #1 11/23/09 0.43 0.07
GoM DIC #2 11/23/09 0.89 0.05 0.48 0.64
GOM 11-23 #2 11/23/09 0.07 0.07
Tank A
Sample Name Date Collected δ13C (‰) std. dev. Avg. δ13C (‰) std. dev.
Tank A 1-9 #1 1/9/10 0.02 0.05 0.14 0.25
Tank A 1-9 #2 1/9/10 0.26 0.10
Tank A 1-30 #1 1/30/10 0.34 0.10 0.38 0.15
Tank A 1-30 #2 1/30/10 0.42 0.09
Tank A 2-13 #1 2/13/10 0.41 0.07 0.44 0.12
Tank A 2-13 #2 2/13/10 0.48 0.07
Tank A 2-27 #1 2/27/10 0.48 0.06 0.48 0.09
Tank A 2-27 #2 2/27/10 0.48 0.11
Tank A 24-hour test (Mar)* 3/17/10 * * 0.67 0.27
Tank A 4-18 4/18/10 0.41 0.10 0.41
Tank A 5-8 5/8/10 0.55 0.07 0.55
Tank A 5-22 5/22/10 0.61 0.07 0.61
Tank A 6-08 6/8/10 0.38 0.10 0.38
Tank A 6-21 6/21/10 0.68 0.07 0.68
Tank A 7-5 7/5/10 0.50 0.09 0.50
Tank A 7-22 7/22/10 0.47 0.07 0.47
Tank A 24-hour test (Aug) 8/16/10 * * 0.52 0.09
*See Table A7 for 24-hour monitoring data
Tank B
Sample Name Date Collected δ13C (‰) std. dev. Avg. δ13C (‰) std. dev.
Tank B 1-30 #1 1/30/10 0.36 0.08 0.52 0.34
Tank B 1-30 #2 1/30/10 0.68 0.14
Tank B 2-13 #1 2/13/10 0.48 0.05 0.48 0.06
100
Table A6 continued
Sample Name Date Collected δ13C (‰) std. dev. Avg. δ13C (‰) std. dev.
Tank B 2-13 #2 2/13/10 0.48 0.06
Tank B 2-27 #1 2/27/10 0.43 0.09 0.46 0.11
Tank B 2-27 #2 2/27/10 0.49 0.05
Tank B 24-hour test (Mar)* 3/17/10 * * 0.76 0.26
Tank B 4-18 4/18/10 0.35 0.07 0.35
Tank B 5-8 5/8/10 0.58 0.09 0.58
Tank B 5-22 5/22/10 0.62 0.11 0.62
Tank B 6-08 6/8/10 0.52 0.09 0.52
Tank B 6-21 6/21/10 0.62 0.09 0.62
Tank B 7-5 7/5/10 0.54 0.09 0.54
Tank B 7-22 7/22/10 0.46 0.11 0.46
*See Table A7 for 24-hour monitoring data
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(Hydrolab) δ13CDIC std. dev.
3/19/10 0:00 7.75 7.68 5.05 30.15 0.99 0.06
3/19/10 1:00 7.75 7.71 5.00 30.39 0.54 0.07
3/19/10 2:00 7.73 7.68 5.13 30.07 0.67 0.06
3/19/10 3:00 7.73 7.68 5.18 30.13
3/19/10 4:00 7.73 7.68 5.15 30.12 0.43 0.07
3/19/10 5:00 7.71 7.68 5.13 30.18 0.50 0.06
3/19/10 6:00 7.76 7.74 5.21 29.92 0.52 0.07
3/19/10 7:00 7.76 7.74 5.33 29.56 0.80 0.09
3/19/10 8:00 7.77 7.73 5.44 29.23 0.55 0.08
3/19/10 9:00 7.77 7.73 5.36 29.30 0.49 0.09
3/19/10 10:00 7.78 7.76 5.49 29.25 0.74 0.09
3/17/10 11:00 7.73 7.71 4.71 29.87 0.41 0.11
3/17/10 12:00 7.78 7.78 4.82 30.09 0.19 0.08
3/17/10 13:00 7.75 7.70 5.00 29.84 0.87 0.07
3/17/10 14:00 7.75 7.70 5.02 29.84 0.89 0.06
3/17/10 15:00 7.74 7.72 5.18 29.74 0.98 0.04
3/17/10 16:00 7.75 7.74 5.28 29.68 0.20 0.06
3/17/10 17:00 7.77 7.74 5.31 29.55 0.67 0.09
3/17/10 18:00 7.80 7.74 5.31 29.31 0.48 0.06
3/18/10 19:00 7.73 7.69 5.41 29.43 0.90 0.08
3/18/10 20:00 7.75 7.72 5.64 29.41 0.70 0.06
3/18/10 21:00 7.79 7.74 5.44 29.31 1.25 0.04
3/18/10 22:00 7.77 7.73 5.33 29.45 1.08 0.09












(Hydrolab) δ13CDIC std. dev.
3/19/10 0:00 7.65 7.63 5.26 4.94 30.15 0.95 0.07
3/19/10 1:00 7.68 7.66 5.26 4.87 30.39 0.61 0.06
3/19/10 2:00 7.65 7.64 5.23 4.97 30.07 0.70 0.07
3/19/10 3:00 7.66 7.64 5.44 4.95 30.13 0.74 0.07
3/19/10 4:00 7.64 7.63 5.21 5.04 30.12 0.63 0.07
3/19/10 5:00 7.66 7.65 5.23 5.04 30.18 0.48 0.08
3/19/10 6:00 7.70 7.68 5.21 5.02 29.92 0.61 0.08
3/19/10 7:00 7.72 7.71 5.31 5.14 29.56 1.13 0.06
3/19/10 8:00 7.72 7.71 5.33 5.19 29.23 1.01 0.07
3/19/10 9:00 7.72 7.71 5.57 5.15 29.30 0.35 0.05
3/19/10 10:00 7.75 7.74 5.62 5.42 29.25 0.87 0.05
3/17/10 11:00 7.68 7.67 4.71 4.65 29.87 0.35 0.08
3/17/10 12:00 7.75 7.75 4.82 4.76 30.09 0.49 0.07
3/17/10 13:00 7.65 7.64 5.00 4.87 29.84 0.76 0.08
3/17/10 14:00 7.66 7.66 5.02 4.81 29.84 1.06 0.05
3/17/10 15:00 7.69 7.69 5.18 5.06 29.74 0.81 0.08
3/17/10 16:00 7.73 7.72 5.28 5.10 29.68 0.63 0.07
3/17/10 17:00 7.72 7.72 5.31 5.16 29.55 0.62 0.06
3/17/10 18:00 7.73 7.72 5.31 5.13 29.31 0.60 0.07
3/18/10 19:00 7.68 7.67 5.44 5.20 29.43 1.30 0.07
3/18/10 20:00 7.70 7.68 5.85 5.49 29.41 1.08 0.04
3/18/10 21:00 7.72 7.71 5.49 5.41 29.31 1.02 0.08
3/18/10 22:00 7.72 7.70 5.54 5.16 29.45 0.93 0.09
3/18/10 23:00 7.72 7.71 5.36 5.06 29.82 0.52 0.06
TIDES Boothbay Harbor
High Tide Low Tide
17-Mar 12:31 AM 12:51 PM 6:38 AM 6:50 PM
18-Mar 1:02 AM 1:26 PM 7:13 AM 7:23 PM











(hydrolab) δ13CDIC std. dev.
8/16/10 0:00 7.97 7.96 18.24 18.34 31.03 0.57 0.10
8/16/10 1:00 7.94 7.94 18.11 18.11 31.03 *leaky vial, bad data
8/16/10 2:00 7.97 7.97 17.76 17.27 31.09 0.58 0.11
8/16/10 3:00 7.93 7.93 17.02 17.01 31.18 0.61 0.10
8/16/10 4:00 7.91 7.90 16.67 16.68 31.23 0.55 0.11
8/16/10 5:00 7.91 7.90 16.42 17.34 31.27 0.53 0.12
8/16/10 6:00 7.83 7.83 17.20 17.30 31.15 0.54 0.06
8/16/10 7:00 7.81 7.81 16.94 17.13 31.21 0.50 0.06
8/17/10 8:00 7.96 7.95 16.75 16.99 31.23 0.38 0.09
8/17/10 9:00 7.97 7.96 16.76 16.94 31.22 *leaky vial, bad data
8/17/10 10:00 8.00 7.98 16.70 17.20 31.24 0.40 0.07
8/17/10 11:00 7.99 7.97 16.98 17.70 31.21 0.58 0.09
8/16/10 12:00 7.85 7.83 17.77 18.22 31.05 0.66 0.11
8/16/10 13:00 7.84 7.83 17.99 18.11 31.06 0.62 0.11
8/16/10 14:00 7.85 7.84 17.85 17.42 31.09 0.68 0.11
8/16/10 15:00 7.88 7.88 17.17 16.73 31.16 0.49 0.06
8/17/10 16:00 7.98 7.97 17.22 16.75 31.23 0.43 0.07
8/17/10 17:00 7.99 7.97 16.44 16.68 31.29 0.39 0.08
8/16/10 18:00 7.91 7.90 17.14 17.20 31.18 0.51 0.13
8/16/10 19:00 7.89 7.87 16.93 17.08 31.21 0.47 0.06
8/16/10 20:00 7.89 7.88 16.88 17.30 31.22 0.48 0.11
8/16/10 21:00 7.89 7.88 17.15 17.72 31.19 0.38 0.10
8/15/10 22:00 7.98 7.98 18.25 18.60 31.04 0.61 0.11




Date and Time pH
Temperature 
(Tidbit) δ13CDIC std. dev.
8/16/10 0:00 7.97 18.32 0.59 0.06
8/16/10 1:00 7.97 18.20 0.72 0.11
8/16/10 2:00 8.00 17.77 0.70 0.09
8/16/10 3:00 7.96 17.37 0.65 0.06
8/16/10 4:00 7.93 17.03 0.72 0.13
8/16/10 5:00 7.93 17.65 0.68 0.09
8/16/10 6:00 7.84 17.42 0.69 0.05
8/16/10 7:00 7.83 17.42 0.62 0.09
8/17/10 8:00 7.98 17.44 0.57 0.08
8/17/10 9:00 7.99 17.61 0.63 0.06
8/17/10 10:00 8.00 17.70 0.62 0.05
8/17/10 11:00 8.01 18.41 0.68 0.08
8/16/10 12:00 7.85 18.08 0.66 0.07
8/16/10 13:00 7.86 18.06 0.67 0.11
8/16/10 14:00 7.87 17.92 0.77 0.10
8/16/10 15:00 7.90 17.32 0.78 0.09
8/17/10 16:00 8.00 17.51 0.75 0.10
8/17/10 17:00 8.01 17.18 0.69 0.07
8/16/10 18:00 7.92 17.49 0.69 0.09
8/16/10 19:00 7.92 17.42 0.66 0.05
8/16/10 20:00 7.91 17.15 0.67 0.10
8/16/10 21:00 7.91 17.51 0.66 0.09
8/15/10 22:00 7.99 18.77 0.69 0.09
8/15/10 23:00 7.99 18.82 0.65 0.07
TIDES Boothbay Harbor
High Tide Low Tide
15-Aug 3:32 AM 3:37 PM 9:36 AM 10:15 PM
16-Aug 4:31 AM 4:55 PM 10:32 AM 11:19 PM
17-Aug 5:35 AM 5:56 PM 11:32 AM -
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Table A8: Arctica islandica weighted δ13CDIC  and z-score data
Gulf of Maine
ID: SBVC9609 48 cm ID: SBVC9609 40 47 cm ID: SBCV9609 30 cm ID: SF1
Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1033 1.61 1.03 1321 0.95 -0.48 1362 2.05 2.06 1864 1.76 1.39
1034 1.43 0.63 1322 1.01 -0.34 1363 1.97 1.86 1865 1.85 1.58
1035 1.71 1.26 1323 1.49 0.77 1364 1.87 1.63 1866 1.43 0.62
1036 1.42 0.60 1324 1.54 0.88 1365 1.53 0.84 1867 1.37 0.48
1037 1.86 1.60 1325 1.62 1.05 1366 1.64 1.10 1868 1.79 1.44
1038 2.14 2.26 1326 1.76 1.39 1367 1.61 1.03 1869 1.99 1.90
1039 2.22 2.44 1327 1.88 1.66 1368 1.65 1.12 1870 1.67 1.17
1040 2.05 2.05 1328 1.75 1.35 1369 1.79 1.45 1871 1.23 0.17
1041 2.12 2.22 1329 1.62 1.07 1370 1.97 1.86 1872 1.38 0.51
1042 1.97 1.86 1330 1.56 0.92 1371 1.64 1.10 1873 0.97 -0.45
1043 2.18 2.35 1331 1.55 0.90 1372 1.68 1.21 1874 0.92 -0.57
1044 2.08 2.12 1332 1.66 1.14 1373 1.71 1.26 1875 1.41 0.58
1045 2.30 2.62 1333 1.35 0.43 1374 1.51 0.80 1876 1.34 0.41
1046 1.99 1.92 1334 1.65 1.13 1375 1.38 0.50 1877 1.25 0.21
1047 2.04 2.04 1335 1.56 0.92 1376 1.60 1.01 1878 1.35 0.44
1048 1.90 1.70 1336 1.89 1.69 1377 1.62 1.05 1879 1.18 0.04
1049 1.96 1.84 1337 1.78 1.42 1378 1.66 1.15 1880 1.22 0.14
1050 1.77 1.40 1338 1.60 1.01 1379 1.69 1.22 1881 1.63 1.08
1051 1.84 1.57 1339 1.58 0.97 1380 1.43 0.62 1882 1.30 0.33
1052 1.49 0.77 1340 1.69 1.22 1381 1.08 -0.19 1883 1.15 -0.03
1053 1.59 0.99 1341 1.66 1.16 1382 1.26 0.24 1884 1.15 -0.03
1054 1.39 0.53 1342 1.34 0.41 1383 1.37 0.49 1885 0.99 -0.40
1055 1.25 0.21 1343 1.28 0.27 1384 1.39 0.52 1886 1.04 -0.29
1056 1.41 0.56 1344 1.36 0.45 1385 1.53 0.85 1887 0.95 -0.50
1057 1.19 0.08 1345 1.88 1.67 1386 0.93 -0.53 1888 0.91 -0.59
1058 1.31 0.35 1346 1.51 0.81 1387 1.34 0.42 1889 0.93 -0.54
1059 1.24 0.17 1347 1.57 0.94 1388 1.51 0.80 1890 0.83 -0.76






(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1061 1.41 0.57 1349 1.35 0.43 1390 1.46 0.69 1892 1.13 -0.08
1062 1.32 0.37 1350 1.48 0.73 1391 1.46 0.69 1893 0.97 -0.43
1063 1.35 0.45 1351 1.16 0.00 1392 1.14 -0.04 1894 1.00 -0.36
1064 1.15 -0.04 1352 0.97 -0.45 1393 1.62 1.05 1895 1.02 -0.33
1065 1.24 0.17 1353 0.88 -0.65 1394 1.42 0.61 1896 0.85 -0.71
1066 1.18 0.05 1354 0.93 -0.54 1395 1.15 -0.02 1897 0.78 -0.88
1067 1.13 -0.07 1396 1.00 -0.38 1898 0.72 -1.03
1068 0.74 -0.97 1397 1.22 0.13 1899 0.77 -0.91
1069 0.94 -0.52 1398 0.94 -0.52 1900 0.83 -0.77
1070 0.99 -0.40 1399 1.06 -0.22 1901 0.84 -0.74
1071 0.94 -0.51 1400 1.04 -0.28 1902 0.95 -0.48
1072 0.90 -0.59 1401 1.20 0.09 1903 0.94 -0.52
1073 0.69 -1.09 1402 1.12 -0.08 1904 1.03 -0.29
1074 0.78 -0.89 1403 1.47 0.71 1905 0.86 -0.70
1075 0.87 -0.66 1404 1.29 0.31 1906 0.76 -0.92
1076 0.71 -1.04 1405 1.20 0.08 1907 0.73 -0.99
1077 0.78 -0.87 1406 1.35 0.43 1908 0.88 -0.65
1078 1.20 0.09 1407 1.47 0.72 1909 0.83 -0.76
1408 1.31 0.34 1910 0.98 -0.41
1409 1.37 0.49 1911 0.92 -0.56
1410 1.20 0.09 1912 0.95 -0.50
1411 1.40 0.56 1913 0.98 -0.41
1412 1.18 0.05 1914 0.91 -0.57
1413 1.22 0.13 1915 0.87 -0.68
1414 1.18 0.04 1916 1.09 -0.17
1415 1.25 0.21 1917 1.07 -0.21
1416 1.07 -0.21 1918 1.06 -0.23
1417 1.21 0.12 1919 1.04 -0.29
1418 1.22 0.13 1920 1.02 -0.33






(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1420 1.29 0.30 1922 0.92 -0.57
1421 1.09 -0.16 1923 0.97 -0.45
1422 1.09 -0.16 1924 0.97 -0.44
1423 1.14 -0.05 1925 0.85 -0.73
1424 1.23 0.16 1926 0.91 -0.58
1425 1.23 0.16 1927 1.17 0.02
1426 1.24 0.19 1928 0.87 -0.67
1427 1.20 0.09 1929 0.84 -0.75
1428 1.12 -0.09 1930 0.79 -0.86
1429 1.09 -0.17 1931 0.59 -1.32
1430 1.16 0.01 1932 0.23 -2.15
1431 1.15 -0.02 1933 1.10 -0.14
1432 1.25 0.22 1934 0.88 -0.66
1433 1.16 0.00 1935 0.74 -0.97
1434 1.08 -0.19 1936 0.79 -0.86
1435 1.10 -0.13 1937 0.81 -0.81
1436 1.48 0.75 1938 0.77 -0.90
1437 1.42 0.59 1939 0.83 -0.77
1438 1.13 -0.06 1940 0.76 -0.93
1439 1.26 0.23 1941 0.74 -0.97
1440 1.27 0.24 1942 0.69 -1.08
1441 1.48 0.74 1943 0.70 -1.07
1442 1.35 0.45 1944 0.73 -1.00
1443 1.48 0.73 1945 0.80 -0.84
1444 1.41 0.57 1946 0.78 -0.89
1445 1.20 0.10 1947 0.84 -0.74
1446 1.50 0.78 1948 0.82 -0.80
1447 1.72 1.29 1949 0.65 -1.19
1448 1.54 0.87 1950 0.64 -1.20






(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1450 1.65 1.14 1952 0.47 -1.59
1451 1.69 1.21 1953 0.53 -1.45
1452 1.41 0.58 1954 0.68 -1.12
1453 1.70 1.23 1955 0.62 -1.25
1454 1.44 0.65 1956 0.66 -1.17
1455 1.25 0.22 1957 0.60 -1.29
1456 1.20 0.08 1958 0.66 -1.16
1457 1.45 0.66 1959 0.58 -1.34
1458 1.30 0.33 1960 0.64 -1.21
1459 1.38 0.52 1961 0.76 -0.92
1460 1.50 0.77 1962 0.73 -0.99
1461 1.39 0.53 1963 0.72 -1.02
1462 1.39 0.52 1964 0.70 -1.07
1463 1.27 0.24 1965 0.41 -1.73
1464 1.24 0.19 1966 0.56 -1.38
1465 1.18 0.05 1967 0.51 -1.50
1466 1.06 -0.22 1968 0.55 -1.41
1467 1.34 0.42 1969 0.44 -1.65
1468 1.39 0.52 1970 0.59 -1.31
1469 1.27 0.26 1971 0.61 -1.28















(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 

























*δ13CDIC (calc) = value calculated from raw weighted δ
13C using A. islandica transfer function (δ13CDIC = δ
13C - 0.96)
Iceland
ID: Flatey ID: Langanes9 ID: Langanes5
Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score





(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1754 2.25 0.73 1946 1.28 1.13 1888 1.48 1.71
1755 2.55 1.70 1947 1.22 0.96 1889 1.23 0.98
1756 2.79 2.47 1948 1.14 0.75 1890 1.08 0.58
1757 2.27 0.79 1949 1.02 0.41 1891 1.38 1.41
1758 1.99 -0.11 1950 1.03 0.42 1892 1.23 1.00
1759 2.00 -0.08 1951 0.90 0.05 1893 0.77 -0.31
1760 1.64 -1.24 1952 1.01 0.38 1894 0.95 0.20
1761 1.89 -0.44 1953 1.00 0.35 1895 1.06 0.51
1762 1.79 -0.75 1954 1.01 0.37 1896 1.00 0.34
1763 1.99 -0.11 1955 0.98 0.28 1897 0.88 -0.01
1764 2.24 0.71 1956 1.09 0.60 1898 0.58 -0.84
1765 2.20 0.56 1957 0.95 0.22 1899 1.12 0.68
1766 2.42 1.28 1958 1.11 0.67 1900 1.30 1.20
1767 2.29 0.84 1959 0.99 0.32 1901 1.36 1.35
1768 2.29 0.87 1960 0.86 -0.06 1902 1.32 1.25
1769 2.21 0.61 1961 0.84 -0.10 1903 1.36 1.37
1770 2.15 0.41 1962 0.78 -0.27 1904 1.34 1.30
1771 2.30 0.88 1963 0.96 0.22 1905 1.37 1.38
1772 2.21 0.60 1964 0.98 0.30 1906 1.49 1.73
1773 2.02 -0.01 1965 0.89 0.04 1907 1.42 1.53
1774 2.10 0.25 1966 0.95 0.20 1908 1.43 1.55
1775 2.44 1.34 1967 0.90 0.05 1909 1.65 2.18
1776 2.57 1.76 1968 0.92 0.13 1910 1.54 1.87
1777 2.28 0.83 1969 0.72 -0.45 1911 1.52 1.80
1778 2.22 0.63 1970 0.79 -0.25 1912 1.48 1.70
1779 2.14 0.39 1971 0.91 0.10 1913 1.35 1.34
1780 2.09 0.23 1972 0.86 -0.05 1914 1.13 0.71
1781 2.21 0.59 1973 0.91 0.09 1915 1.25 1.05
1782 2.17 0.47 1974 0.99 0.31 1916 1.30 1.19






(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1784 2.37 1.12 1976 0.86 -0.04 1918 1.46 1.64
1785 2.20 0.55 1977 0.82 -0.15 1919 1.39 1.45
1786 2.04 0.05 1978 0.93 0.15 1920 1.22 0.98
1787 1.87 -0.48 1979 0.78 -0.28 1921 1.06 0.51
1788 2.05 0.08 1980 0.85 -0.08 1922 1.06 0.51
1789 1.84 -0.60 1981 0.80 -0.23 1923 1.10 0.63
1790 1.88 -0.46 1982 0.78 -0.28 1924 1.10 0.64
1791 1.98 -0.14 1983 0.60 -0.80 1925 1.00 0.36
1792 2.02 -0.02 1984 0.78 -0.28 1926 1.13 0.71
1793 2.09 0.23 1985 0.77 -0.30 1927 0.96 0.23
1794 1.93 -0.29 1986 0.81 -0.19 1928 0.86 -0.04
1795 2.16 0.44 1987 0.68 -0.56 1929 1.23 0.98
1796 1.93 -0.30 1988 0.78 -0.28 1930 1.03 0.43
1797 1.88 -0.46 1989 0.59 -0.80 1931 1.28 1.14
1798 2.14 0.39 1990 0.51 -1.02 1932 1.48 1.71
1799 2.26 0.77 1991 0.58 -0.85 1933 1.33 1.27
1800 2.33 0.99 1992 0.60 -0.79 1934 1.35 1.35
1801 2.24 0.71 1993 0.65 -0.63 1935 1.30 1.19
1802 2.27 0.79 1994 0.59 -0.81 1936 1.19 0.88
1803 2.35 1.04 1995 0.61 -0.76 1937 1.42 1.53
1804 2.16 0.45 1996 0.67 -0.59 1938 1.28 1.12
1805 2.04 0.07 1997 0.62 -0.72 1939 1.33 1.27
1806 2.24 0.69 1998 0.59 -0.81 1940 1.14 0.75
1807 2.24 0.68 1999 0.52 -1.02 1941 1.25 1.05
1808 2.24 0.68 2000 0.53 -0.99 1942 1.02 0.39
1809 2.39 1.18 2001 0.50 -1.05 1943 1.12 0.70
1810 2.17 0.46 2002 0.33 -1.55 1944 0.92 0.12
1811 2.22 0.64 2003 0.28 -1.68 1945 1.05 0.47
1812 2.27 0.78 1946 1.19 0.87






(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1814 2.18 0.50 1948 0.86 -0.05
1815 2.19 0.53 1949 0.78 -0.28
1816 2.11 0.28 1950 0.93 0.14
1817 2.18 0.52 1951 0.96 0.24
1818 2.22 0.65 1952 0.78 -0.27
1819 2.43 1.32 1953 0.91 0.10
1820 2.05 0.07 1954 0.81 -0.19
1821 2.25 0.73 1955 1.11 0.65
1822 2.20 0.56 1956 1.20 0.90
1823 2.02 0.00 1957 0.72 -0.45
1824 2.03 0.01 1958 0.80 -0.21
1825 2.20 0.56 1959 0.50 -1.08
1826 2.22 0.64 1960 0.56 -0.89
1827 2.18 0.51 1961 0.56 -0.91
1828 2.20 0.58 1962 0.58 -0.84
1829 2.21 0.60 1963 0.57 -0.88
1830 2.18 0.49 1964 0.55 -0.92
1831 2.08 0.18 1965 0.69 -0.52
1832 2.08 0.20 1966 0.67 -0.57
1833 2.18 0.50 1967 0.67 -0.58
1834 2.39 1.19 1968 0.75 -0.36
1835 2.19 0.54 1969 0.65 -0.65
1836 2.17 0.46 1970 0.63 -0.69
1837 1.97 -0.17 1971 0.55 -0.92
1838 2.07 0.16 1972 0.48 -1.13
1839 2.07 0.14 1973 0.70 -0.50
1840 2.16 0.43 1974 0.72 -0.45
1841 2.25 0.72 1975 0.61 -0.75
1842 2.09 0.22 1976 0.70 -0.50






(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1844 2.21 0.59 1978 0.47 -1.14
1845 2.35 1.05 1979 0.47 -1.16
1846 2.45 1.37 1980 0.31 -1.59
1847 1.69 -1.06 1981 0.38 -1.42
1848 2.00 -0.06 1982 0.39 -1.36
1849 2.13 0.34 1983 0.59 -0.82
1850 2.20 0.55 1984 0.55 -0.93
1851 2.44 1.33 1985 0.45 -1.20
1852 2.50 1.52 1986 0.25 -1.76
1853 2.47 1.43 1987 0.40 -1.35
1854 2.45 1.37 1988 0.50 -1.06
1855 2.48 1.47 1989 0.51 -1.03
1856 2.42 1.27 1990 0.69 -0.52
1857 2.25 0.73 1991 0.68 -0.55
1858 2.22 0.62 1992 0.51 -1.04
1859 2.24 0.69 1993 0.46 -1.17
1860 2.01 -0.04 1994 0.40 -1.34
1861 2.66 2.04 1995 0.10 -2.19
1862 2.11 0.29 1996 0.18 -1.97
1863 1.83 -0.63 1997 0.31 -1.61
1864 1.97 -0.16 1998 0.42 -1.30
1865 2.02 -0.02 1999 0.68 -0.55
1866 2.04 0.06 2000 0.05 -2.32
1867 2.18 0.50 2001 0.25 -1.78
1868 2.13 0.36 2002 0.00 -2.49










(calc) z-score Year AD
δ13CDIC 






































(calc) z-score Year AD
δ13CDIC 






































(calc) z-score Year AD
δ13CDIC 






































(calc) z-score Year AD
δ13CDIC 


























*δ13CDIC (calc) = value calculated from raw weighted δ





ID: MACO ID: RS: 1886-1964 ID: RDn: 1862-1904 ID: RDc: DBG13.1-A1L 
Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1278 1.36 0.17 1886 1.69 1.43 1862 1.29 0.07 1948 1.30 0.07
1279 1.53 0.42 1887 1.74 1.50 1863 1.14 -0.16 1949 1.88 0.94
1280 1.68 0.64 1888 1.53 1.19 1864 1.43 0.28 1950 1.35 0.16
1281 1.82 0.85 1889 1.55 1.22 1865 1.89 0.95 1951 1.71 0.69
1282 1.86 0.91 1890 1.73 1.50 1866 2.06 1.22 1952 1.73 0.72
1283 1.98 1.09 1891 1.38 0.97 1867 1.92 1.01 1953 1.51 0.39
1284 2.00 1.13 1892 0.84 0.17 1868 1.83 0.86 1954 1.76 0.76
1285 1.76 0.76 1893 1.39 0.99 1869 1.94 1.03 1955 1.59 0.52
1286 1.84 0.89 1894 1.12 0.58 1870 1.73 0.72 1956 0.55 -1.03
1287 2.08 1.24 1895 1.42 1.03 1871 1.85 0.90 1957 1.47 0.34
1288 2.36 1.66 1896 1.45 1.08 1872 1.96 1.07 1958 0.67 -0.86
1289 2.15 1.34 1897 1.07 0.52 1873 1.91 0.98 1959 0.75 -0.74
1290 2.11 1.28 1898 0.58 -0.22 1874 1.69 0.66 1960 0.36 -1.32
1291 2.00 1.13 1899 0.30 -0.62 1875 1.40 0.23 1961 0.99 -0.37
1292 1.93 1.01 1900 0.43 -0.44 1876 1.51 0.39 1962 1.13 -0.17
1293 2.06 1.21 1901 0.69 -0.06 1877 1.31 0.09 1963 0.80 -0.67
1294 2.17 1.37 1902 0.90 0.25 1878 1.29 0.06 1964 0.49 -1.12
1295 1.84 0.88 1903 1.00 0.40 1879 1.44 0.29 1965 0.33 -1.37
1296 2.04 1.18 1904 1.08 0.52 1880 1.54 0.44 1966 0.16 -1.61
1297 2.13 1.32 1905 0.87 0.21 1881 1.36 0.17 1967 0.29 -1.42
1298 2.01 1.14 1906 0.93 0.30 1882 1.36 0.17 1968 -0.33 -2.34
1299 2.13 1.32 1907 1.31 0.87 1883 1.07 -0.26 1969 -0.32 -2.32
1300 1.88 0.95 1908 1.25 0.77 1884 0.99 -0.38 1970 -0.37 -2.40
1301 1.87 0.92 1909 1.26 0.79 1885 1.06 -0.27 1971 -0.27 -2.25
1302 2.35 1.64 1910 0.77 0.07 1886 1.06 -0.28 1972 -0.13 -2.04
1303 1.99 1.11 1911 0.76 0.05 1887 0.73 -0.77 1973 0.29 -1.41
1304 2.12 1.31 1912 0.84 0.18 1888 0.64 -0.90 1974 0.26 -1.46
1305 1.95 1.05 1913 0.94 0.32 1889 0.52 -1.08 1975 1.11 -0.20






(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1307 1.78 0.79 1915 0.20 -0.78 1891 0.65 -0.88 1977 0.83 -0.61
1308 2.01 1.13 1916 0.18 -0.82 1892 0.43 -1.21 1978 0.04 -1.79
1309 2.07 1.22 1917 0.42 -0.46 1893 0.32 -1.37 1979 0.61 -0.94
1310 2.32 1.60 1918 0.44 -0.43 1894 0.16 -1.61 1980 0.63 -0.91
1311 2.06 1.21 1919 0.08 -0.96 1895 0.23 -1.50 1981 0.55 -1.03
1312 2.24 1.48 1920 0.35 -0.56 1896 0.20 -1.55 1982 0.67 -0.86
1313 2.12 1.30 1921 0.83 0.16 1897 0.30 -1.40 1983 0.46 -1.16
1314 1.93 1.02 1922 0.21 -0.76 1898 0.19 -1.57 1984 0.53 -1.06
1315 2.45 1.79 1923 0.64 -0.12 1899 0.49 -1.12 1985 0.86 -0.57
1316 2.05 1.19 1924 0.87 0.22 1900 0.43 -1.20 1986 0.03 -1.80
1317 2.07 1.22 1925 0.18 -0.81 1901 0.61 -0.94 1987 -0.28 -2.26
1318 2.10 1.26 1926 0.37 -0.53 1902 0.58 -0.99 1988 0.06 -1.76
1319 2.38 1.68 1927 0.44 -0.43 1903 0.58 -0.99 1989 -0.13 -2.04
1320 2.22 1.45 1928 0.43 -0.43 1904 0.14 -1.65 1990 0.08 -1.73
1321 2.22 1.45 1929 0.60 -0.19 1991 0.39 -1.28
1322 2.38 1.69 1930 0.61 -0.17 1992 0.36 -1.32
1323 2.22 1.45 1931 0.84 0.17 1993 0.63 -0.91
1324 2.22 1.44 1932 0.72 -0.01 1994 0.49 -1.13
1325 2.02 1.16 1933 0.79 0.10
1326 1.80 0.82 1934 0.89 0.25
1327 2.15 1.34 1935 0.71 -0.02
1328 1.91 0.99 1936 0.84 0.17
1329 1.90 0.98 1937 0.63 -0.15
1330 1.79 0.81 1938 0.13 -0.88
1331 1.87 0.93 1939 0.11 -0.92
1332 1.69 0.66 1940 0.10 -0.93
1333 1.92 0.99 1941 0.22 -0.75
1334 1.70 0.68 1942 0.42 -0.46
1335 1.78 0.79 1943 0.50 -0.33






(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1337 1.51 0.39 1945 0.13 -0.88
1338 1.29 0.06 1946 0.48 -0.37
1339 1.44 0.28 1947 0.70 -0.04
1340 1.41 0.25 1948 0.63 -0.13
1341 1.53 0.42 1949 0.61 -0.17
1342 1.63 0.57 1950 0.73 0.01
1343 1.60 0.53 1951 0.60 -0.19
1344 1.64 0.58 1952 0.58 -0.22
1345 1.54 0.44 1953 0.56 -0.25
1346 1.65 0.59 1954 0.84 0.16
1347 1.53 0.43 1955 0.67 -0.08
1348 1.45 0.31 1956 0.58 -0.21
1349 1.35 0.16 1957 0.62 -0.15
1350 1.20 -0.07 1958 0.49 -0.35
1351 1.06 -0.27 1959 0.72 -0.01
1352 0.89 -0.53 1960 0.62 -0.16





ID: RDn: 03V.N4a-A1L ID: RDn: 03VN4a-A2L ID: RDn: 08V.N16-A1R  ID: RDc: DBG 13.1_A2L 
Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1897 1.24 -0.01 1886 1.62 0.55 1904 0.69 -0.83 1954 1.49 0.36
1898 1.49 0.37 1887 1.49 0.37 1905 1.25 0.01 1955 1.15 -0.14
1899 1.49 0.36 1888 1.38 0.20 1906 1.40 0.23 1956 1.00 -0.37
1900 0.99 -0.38 1889 1.62 0.56 1907 1.31 0.10 1957 1.42 0.26
1890 1.97 1.08 1908 0.86 -0.57 1958 0.92 -0.49






(calc) z-score Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 







ID: RDc: DBG13.1-A3L ID: RDc: DBG13.3-A2L 
Year AD
δ13CDIC 
(calc) z-score Year AD
δ13CDIC 
(calc) z-score
1952 0.77 -0.71 1959 0.35 -1.33
1953 1.20 -0.06 1960 1.13 -0.18
1954 1.20 -0.07 1961 0.92 -0.49
1955 0.87 -0.56 1962 0.95 -0.43
1956 1.09 -0.23 1963 0.67 -0.86
1957 1.22 -0.04 1964 0.89 -0.53
1958 1.29 0.06 1965 0.81 -0.65
1959 1.21 -0.05 1966 1.22 -0.04
1960 0.33 -1.36 1967 1.04 -0.31
1961 0.61 -0.94 1968 0.82 -0.63
1962 1.29 0.07 1969 0.84 -0.61
1963 1.31 0.09 1970 1.05 -0.29
1964 1.55 0.45 1971 0.59 -0.97
1965 0.97 -0.41 1972 1.21 -0.06
1966 1.21 -0.06 1973 0.51 -1.09
1974 0.53 -1.06
*δ13CDIC (calc) = value calculated from raw weighted δ











0525388 1573 0.39 0.15
0545374 1645 0.24 -0.21
0525391 1656 1.44 2.64
0545308 1679 0.59 0.62
0545404 1691 0.89 1.33
0545369 1709 0.64 0.74
0525398 1785 0.74 0.98
0545316 1786 0.84 1.22
0525441 1788 0.24 -0.21
0525372 1794 0.24 -0.21
0525397 1807 0.84 1.22
0535416 1807 0.24 -0.21
0525389 1814 0.74 0.98
0545341 1834 0.54 0.50
0625404 1838 0.14 -0.45
0525395 1838 -0.16 -1.16
0525491 1840 0.24 -0.21
0625331 1846 0.14 -0.45
0525394 1853 0.34 0.03
0525453 1862 0.14 -0.45
0525314 1875 0.44 0.26
0535312 1882 0.74 0.98
0525442 1888 0.34 0.03
0425302 1889 0.44 0.26
0425368 1893 0.34 0.03
0545370 1897 0.44 0.26
0425331 1899 0.14 -0.45
0545410 1906 -0.16 -1.16










0535338 1953 -0.16 -1.16
0525497 1957 0.14 -0.45
0525419 1959 -0.01 -0.80
0425382 1974 -0.71 -2.47
0525413 1977 -0.61 -2.23
0525377 1981 0.04 -0.69
*δ13CDIC (calc) = value calculated from raw weighted δ





Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Avg.
2004 -0.19 -0.19
2003 -1.25 -1.25
2002 -2.10 -2.38 -4.04 -2.84
2001 -2.53 -1.25 -2.90 -2.22
2000 0.22 -0.28 -1.21 -2.06 -0.83
1999 0.05 -0.85 -1.36 -1.67 -0.96
1998 -2.44 -1.65 -0.45 -0.66 -1.76 -1.39
1997 -1.39 -2.08 -0.46 -1.54 -1.70 -1.43
1996 -0.95 0.12 -1.24 -1.85 -0.16 -0.82
1995 -0.85 -0.88 -2.38 -1.66 -1.65 -0.03 -1.24
1994 -1.22 -2.16 -1.52 -1.42 -0.80 -2.17 -1.12 -0.24 -1.33
1993 -1.28 -2.19 -1.12 -1.23 -2.12 -1.45 -1.63 -1.27 -0.41 -1.41
1992 -0.40 -1.54 -1.04 -1.83 -1.13 -1.06 -0.62 -1.11 -0.90 -1.07
1991 -1.23 -1.61 -0.96 -1.91 -0.68 -1.11 -1.26 0.08 -1.85 -0.77 -1.13
1990 -1.10 -2.00 -2.21 -1.43 -0.99 -0.64 -1.97 -1.26 0.72 -1.07 -0.23 -1.11
1989 -0.35 -2.63 -0.87 -0.94 -1.18 -0.98 -1.33 0.14 0.46 0.03 -1.09 -0.22 -0.75
1988 -2.29 -2.05 -1.15 -1.50 -1.06 -2.48 -0.73 -0.76 1.65 -0.71 -0.96 -1.45 -0.72 -1.09
1987 -0.58 -2.16 -2.23 -1.24 0.02 -1.18 -1.68 -2.12 -1.01 -0.34 -0.92 -0.22 -0.80 -1.11
1986 -0.49 -2.05 -2.45 -0.91 0.93 -1.30 -2.14 -2.29 0.28 0.46 -2.58 0.17 -0.58 0.25 -0.91
1985 -1.90 -1.47 -2.19 -0.28 0.19 0.38 -0.98 -0.92 0.22 0.37 -1.21 -1.42 1.03 -0.80 -0.93 -0.66
1984 -1.62 -0.95 -0.21 -0.52 -0.38 -0.66 -0.05 -2.30 -0.07 -0.26 -1.16 0.17 0.67 -1.27 -0.22 -0.59
1983 -0.71 -0.70 -1.78 -1.22 0.43 -0.24 -1.60 -0.10 0.44 -1.38 -0.69 -0.87 0.20 -1.12 -0.41 -0.65
1982 -0.65 -0.31 -1.26 -0.49 -1.94 -0.71 -0.50 -1.10 0.83 0.33 -1.70 -0.15 -0.39 -1.62 -0.60 -0.68
1981 -0.73 0.85 -1.31 -0.32 -1.60 0.50 1.13 -0.53 1.60 0.92 -0.01 -0.61 0.09 -0.90 -0.48 -0.09
1980 -1.03 -0.29 -0.12 -0.42 -1.40 0.02 -0.02 0.21 2.09 -0.23 -0.55 -1.49 0.77 -0.86 -0.21 -0.23
1979 -0.53 -0.03 -1.82 -0.41 -0.79 -1.46 -0.98 0.05 1.90 -1.23 -1.22 -0.10 0.34 -0.86 -0.64 -0.52
1978 -0.74 -0.96 -1.43 -1.73 0.44 -0.85 -1.09 0.03 1.44 -0.12 0.51 -0.57 0.24 -1.14 0.05 -0.39
1977 -0.94 -0.38 -0.27 -0.06 -1.02 0.12 0.09 -1.84 0.63 1.11 -0.20 0.16 -0.02 -0.38 -0.12 -0.21
1976 0.39 -0.26 -0.92 0.06 -1.02 -1.70 0.77 -1.44 0.35 -0.45 -1.29 -0.66 0.13 -0.89 -0.07 1.19 -0.36




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Avg.
1974 -1.25 -0.17 -2.17 -0.07 0.95 -0.61 0.18 -0.87 -0.25 0.50 1.13 -0.65 -0.35 -0.88 0.22 -1.17 -0.34
1973 -2.90 -0.58 -1.50 0.46 -1.21 -1.01 0.26 -0.42 0.77 0.25 1.02 0.69 -0.88 -0.75 0.27 -0.32 -0.37
1972 -1.14 -1.90 -0.03 0.66 0.24 -0.85 -0.42 -0.92 0.73 0.17 0.06 0.89 -1.03 -0.41 0.44 1.42 -0.13
1971 -0.92 -1.05 -0.18 0.27 0.93 -0.35 -1.09 -0.92 -0.59 0.10 -0.17 0.88 -2.17 -1.17 0.74 1.15 -0.28
1970 -1.22 -0.56 0.61 -0.49 -0.28 0.99 0.12 -0.11 -0.51 -0.58 0.91 0.81 -0.86 -0.47 -0.17 -0.49 -0.14
1969 -1.36 0.39 0.33 -0.49 2.16 -0.05 1.42 -1.02 -0.25 -0.84 -1.39 -1.88 -1.05 -0.41 0.16 0.02 -0.27
1968 1.44 -0.31 0.94 0.31 0.34 -0.07 1.11 -0.13 0.66 -1.31 -1.02 -1.09 -1.20 -0.66 0.74 1.70 0.09
1967 1.07 -0.20 0.29 0.90 -0.18 -0.21 0.80 -0.60 -0.13 -2.75 -0.89 -0.55 -0.61 -0.26 -0.21 -0.69 -0.26
1966 1.30 0.31 0.64 1.05 -0.18 -0.64 0.57 0.66 -1.29 -1.64 -1.65 -1.45 -1.39 -0.44 0.34 0.13 -0.23
1965 1.72 -0.41 0.33 0.07 -0.75 -0.47 1.27 -0.76 -1.26 -1.36 -1.03 -1.09 -1.17 0.87 0.15 -0.26
1964 1.54 -0.18 -0.31 1.30 -0.24 1.63 -1.15 0.03 0.56 -1.68 -0.70 -1.45 -0.90 -0.67 1.32 0.47 -0.03
1963 1.52 -0.50 -0.40 0.59 0.06 -0.05 1.84 -0.48 0.96 -0.11 -1.12 -1.11 -0.53 -0.61 1.40 1.21 0.17
1962 1.01 -0.19 -0.77 0.05 -0.55 0.33 0.85 1.58 -0.18 1.11 -1.43 -0.22 -1.75 -1.20 0.76 0.67 0.00
1961 0.99 0.04 1.13 0.74 -0.49 -0.40 -0.73 1.52 -2.21 0.96 1.37 -0.52 -1.29 -1.85 0.94 -0.23 0.00
1960 0.49 0.81 1.11 2.33 0.05 1.16 -1.01 0.61 -0.58 0.85 0.83 -0.51 -1.64 -0.77 1.64 -0.64 0.30
1959 0.24 0.11 -0.16 1.37 1.75 -0.85 0.15 0.10 -2.28 2.09 -1.71 -0.33 0.17 -0.51 0.55 -0.93 -0.02
1958 0.96 0.05 0.87 0.46 1.46 0.21 0.26 -0.49 -1.45 1.91 0.05 -0.62 0.10 -0.52 1.46 -2.73 0.12
1957 0.19 0.36 -0.16 1.11 1.13 0.12 -0.84 0.02 -1.24 1.24 0.46 -0.18 -0.41 -0.36 0.30 0.78 0.16
1956 0.86 0.04 -0.81 1.29 1.19 2.34 0.09 0.85 -0.53 1.09 0.52 -0.66 0.40 -0.22 0.56 0.11 0.44
1955 -0.09 -0.22 -0.10 0.86 0.70 1.30 0.15 1.21 -0.66 1.56 -1.07 -0.44 0.29 0.21 0.55 -0.09 0.26
1954 -0.11 0.03 0.68 0.66 1.04 -0.28 0.85 -0.28 0.26 1.22 -1.32 0.28 -1.46 0.45 0.11 0.11 0.14
1953 -0.42 -0.15 1.93 -0.28 1.02 -0.05 0.51 -0.45 0.00 1.07 -0.99 -1.57 0.08 0.66 0.55 1.29 0.20
1952 -1.24 0.63 1.30 0.30 0.38 0.02 1.81 -1.13 -0.21 0.80 -0.85 -1.13 -0.32 0.10 0.68 0.40 0.10
1951 -0.12 0.44 -0.85 1.17 0.67 -0.73 -0.75 0.63 -0.63 1.21 -1.42 -1.15 0.00 0.85 0.80 -0.76 -0.04
1950 1.09 0.31 0.38 1.63 -1.05 0.85 0.29 1.50 -0.11 1.08 -0.49 -0.47 -0.19 0.27 0.88 -0.44 0.35
1949 0.85 0.25 1.26 0.75 -0.36 0.59 0.88 -0.86 0.93 -0.52 -0.60 -0.02 0.24 0.30 -0.15 1.71 0.33
1948 0.40 0.54 0.20 1.50 0.94 -0.42 1.50 0.09 -1.22 -1.07 1.90 -0.54 0.62 0.62 0.59 -0.31 0.33
1947 0.45 0.76 0.76 0.45 1.60 1.44 0.68 -1.17 -0.39 -1.07 0.70 -0.54 1.19 0.74 1.23 -0.75 0.38
1946 1.24 1.42 0.85 0.93 1.40 0.12 -0.36 -0.12 0.20 -0.30 -0.09 0.71 0.99 -0.07 1.07 0.16 0.51
1945 1.24 0.03 1.30 -0.22 0.63 1.30 -0.05 0.51 1.53 -0.12 -0.47 -0.01 2.31 0.99 1.76 -0.62 0.63




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Avg.
1943 1.13 -0.38 -0.59 0.55 0.08 1.37 0.15 1.55 -1.64 -0.71 0.08 0.06 1.59 0.36 0.45 0.24 0.27
1942 -2.09 -0.67 -0.23 0.71 -0.82 0.31 -1.09 -0.30 0.67 0.39 0.98 0.58 0.99 0.67 0.26 0.14 0.03
1941 -0.45 0.19 0.01 -0.25 0.85 -0.36 -0.60 1.68 -0.05 1.42 -0.12 -0.60 0.68 0.32 1.30 0.27
1940 -0.97 -0.12 1.84 0.47 -0.33 0.35 -0.34 0.79 -0.65 0.42 -0.19 0.71 0.30 -0.45 1.80 0.24
1939 0.23 -0.52 -1.03 -0.73 0.43 0.12 0.72 0.57 -0.91 0.79 -0.24 0.69 0.40 0.13 0.23 0.06
1938 0.46 -1.37 -1.13 0.59 0.71 -0.50 0.08 -0.12 0.65 1.72 -0.01 0.27 0.79 -0.29 -1.06 0.05
1937 1.61 -0.53 0.59 0.78 1.09 0.88 1.41 -0.47 -0.40 0.39 -0.53 -0.21 0.85 -0.04 0.04 0.36
1936 0.07 0.21 0.57 1.16 1.18 1.98 0.34 -0.65 -0.34 -0.23 -0.89 0.83 0.37 0.55 -0.35 0.32
1935 -0.47 0.58 0.27 0.15 0.43 1.02 0.78 -0.54 0.23 1.30 -0.79 2.10 0.48 0.41 0.42
1934 1.14 -0.76 0.16 1.11 0.64 0.77 1.47 1.24 0.82 -0.20 -1.66 1.24 0.38 -1.10 0.38
1933 0.17 -0.20 -0.44 0.78 1.47 -0.09 -1.23 0.84 0.69 0.45 0.78 0.58 1.32 0.39
1932 0.59 1.37 1.67 0.17 0.35 -0.21 -0.94 0.31 1.74 -0.18 1.03 0.27 1.46 0.59
1931 -1.00 0.94 0.40 1.11 2.04 1.05 1.95 -0.13 1.08 -0.38 -0.24 0.51 3.10 0.80
1930 -0.59 -0.04 0.20 0.92 -1.46 1.29 1.95 -0.77 0.87 -0.51 0.14 0.91 0.82 0.29
1929 0.68 -0.29 -0.38 0.99 -1.12 0.56 1.95 -0.97 1.40 -0.04 0.03 0.40 0.98 0.32
1928 0.08 1.95 0.64 -0.09 0.09 1.03 1.95 -1.08 0.64 1.02 -0.30 0.56 1.01 0.58
1927 -0.67 2.43 0.10 0.47 -0.30 1.07 1.95 -1.48 -0.12 0.45 0.14 -1.01 0.25
1926 0.64 -0.12 0.42 -1.44 -0.70 0.41 1.95 -1.63 0.89 0.99 0.34 0.02 0.15
1925 1.32 1.00 1.82 -0.78 -1.60 0.85 1.95 -0.98 0.21 1.05 0.44 0.23 0.46
1924 0.12 2.29 1.13 -0.99 -1.52 1.52 1.95 -2.46 1.26 1.29 1.02 -0.06 0.46
1923 -1.12 1.24 1.33 -0.26 0.18 0.24 1.95 0.28 0.92 0.97 1.12 1.32 0.68
1922 -0.38 0.29 -0.79 0.73 -0.05 -0.60 1.95 0.56 0.35 1.65 1.09 0.03 0.40
1921 0.12 0.23 1.02 0.99 -1.91 0.37 1.95 0.34 0.70 0.12 1.17 -0.95 0.35
1920 0.06 1.00 -0.25 0.05 -0.25 2.04 1.95 0.44 2.12 -0.13 1.01 0.16 0.68
1919 -0.63 0.65 0.57 1.09 0.37 1.05 1.95 0.27 0.16 0.67 0.72 0.39 0.60
1918 -0.74 0.99 0.66 1.44 0.23 0.72 1.95 0.10 0.48 1.71 1.33 0.26 0.76
1917 1.26 1.23 0.16 0.26 -1.18 1.37 1.95 -0.26 -0.36 1.00 1.25 -1.33 0.45
1916 -0.03 -0.07 0.76 -0.02 -1.54 0.02 1.95 0.93 0.90 -1.00 1.32 0.56 0.32
1915 0.41 0.68 0.53 0.90 0.01 1.19 1.95 -0.76 1.08 -0.25 1.11 -0.47 0.53
1914 -0.34 0.20 0.18 0.57 -1.01 0.86 1.95 0.22 0.29 0.20 1.40 -1.48 0.25




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Avg.
1912 0.13 1.93 1.13 0.26 0.01 0.70 1.95 1.22 -0.28 1.82 1.06 -1.87 0.67
1911 0.40 1.26 0.25 1.35 -1.49 1.15 1.95 1.53 0.40 1.74 1.14 -1.17 0.71
1910 0.17 1.12 0.72 0.97 -0.44 -0.09 1.95 1.25 0.18 1.51 1.33 -0.35 0.69
1909 0.43 0.83 -1.37 0.85 0.99 0.07 1.95 0.76 0.35 1.16 1.11 -0.61 0.54
1908 0.31 0.42 -0.03 0.52 -0.61 -0.10 1.95 0.16 0.50 0.70 1.37 0.55 0.48
1907 0.44 0.40 0.79 0.36 1.78 0.09 1.95 0.09 -1.66 0.74 1.15 -1.22 0.41
1906 1.50 0.35 -1.35 0.59 0.82 0.79 1.95 -0.75 0.37 1.39 1.43 0.29 0.62
1905 0.45 0.26 0.44 0.80 -1.21 1.29 1.95 -1.02 -1.03 0.05 1.06 -1.09 0.16
1904 0.18 0.17 1.20 0.21 0.99 0.26 1.95 -0.64 -1.52 0.24 1.27 -0.53 0.32
1903 0.22 0.52 0.64 0.71 1.44 0.99 1.95 0.71 0.24 0.42 1.11 -0.60 0.70
1902 2.22 0.70 -0.62 0.52 0.57 1.24 1.95 1.01 -1.83 1.17 1.30 -0.51 0.65
1901 0.81 0.73 -1.03 0.28 2.12 -0.07 1.95 1.42 0.52 2.46 1.51 -1.91 0.73
1900 1.19 0.40 0.72 0.66 1.25 0.26 1.95 1.85 -1.86 2.82 1.58 0.52 0.94
1899 1.29 0.71 1.69 1.51 1.87 0.00 1.95 0.65 0.28 2.79 1.52 -0.57 1.14
1898 0.83 0.97 -0.10 1.51 2.52 0.16 1.95 -0.08 -0.51 1.58 1.38 -2.28 0.66
1897 -0.31 0.38 0.61 2.17 2.80 -0.03 1.95 -1.51 1.27 1.62 0.90 -3.56 0.52
1896 0.07 1.30 1.86 2.53 2.71 -1.55 1.95 0.14 2.82 1.71 1.35 -1.53 1.11
1895 0.22 1.69 1.24 1.84 1.59 -0.50 1.95 0.52 0.00 0.89 2.00 -0.57 0.90
1894 0.18 0.95 0.81 0.45 1.42 -0.17 1.95 1.54 1.46 1.10 2.06 -1.59 0.85
1893 1.56 0.68 1.63 1.25 2.01 0.58 1.95 2.20 -0.08 0.57 2.14 -2.02 1.04
1892 2.39 0.36 -0.49 1.49 0.85 0.78 1.95 0.82 -0.64 -0.17 1.84 -2.29 0.57
1891 3.21 1.67 0.98 2.13 2.26 0.14 1.95 0.62 1.07 0.07 2.47 -2.49 1.17
1890 2.38 1.43 0.14 0.05 0.88 0.34 1.95 -0.94 -0.46 0.15 -3.61 0.21
1889 2.05 1.40 0.61 0.00 1.11 -1.12 1.95 -0.29 -0.41 0.62 -3.80 0.19
1888 2.09 1.68 0.59 0.24 1.78 -0.17 1.95 0.34 -0.36 1.50 -2.14 0.68
1887 1.01 1.52 1.26 1.06 1.44 -1.74 1.95 -0.14 0.94 1.46 0.14 0.81
1886 2.37 1.49 0.89 1.87 1.64 -1.45 1.95 1.09 -0.16 1.12 -1.52 0.84
1885 2.36 2.32 -0.25 0.85 1.75 0.01 1.95 1.70 0.33 0.86 0.01 1.08
1884 2.71 1.72 0.53 0.00 1.44 0.44 1.95 0.91 -0.17 0.57 -0.85 0.84
1883 2.60 0.78 0.29 0.66 2.06 1.30 1.95 0.50 0.93 1.49 -1.14 1.04




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Avg.
1881 2.13 0.68 1.37 0.92 1.36 1.92 1.95 1.32 -0.04 0.99 -1.77 0.99
1880 2.47 1.03 1.74 1.04 2.83 1.78 1.95 2.18 0.29 1.76 1.59 1.69
1879 1.57 1.79 -0.01 0.97 3.02 1.79 1.95 0.75 1.69 1.14 0.68 1.40
1878 2.28 1.59 1.02 -0.71 1.05 -0.44 1.95 0.62 0.66 1.09 -0.63 0.77
1877 1.24 2.02 0.44 2.10 1.70 2.19 1.95 0.09 1.68 2.16 -0.84 1.34
1876 2.14 1.45 1.50 1.82 0.57 3.36 1.95 0.25 -0.01 1.50 -4.30 0.93
1875 1.78 0.39 1.65 0.69 -0.28 7.69 1.95 -0.18 0.41 1.74 -1.28 1.32
1874 1.19 0.85 0.74 0.78 0.82 6.23 1.95 -0.63 1.46 2.74 0.72 1.53
1873 1.79 0.05 0.33 0.90 0.54 1.95 0.07 0.88 2.12 -0.41 0.82
1872 2.56 -0.85 -0.36 2.34 0.46 1.95 1.41 1.92 1.90 0.15 1.15
1871 2.42 -0.82 -0.36 -0.12 1.42 1.95 0.44 -1.40 -0.31 0.36
1870 2.78 -0.39 0.79 -0.05 0.46 1.95 0.48 0.21 0.05 0.70
1869 2.60 -0.14 -0.01 0.78 0.09 1.95 1.35 -1.73 1.24 0.68
1868 3.14 -0.36 -0.05 0.99 -0.08 1.95 2.07 -0.95 1.04 0.86
1867 3.61 0.57 1.74 2.29 -0.16 1.95 2.18 3.84 0.43 1.83
1866 4.75 0.95 1.15 1.63 -0.30 1.95 2.42 6.73 0.07 2.15
1865 4.02 1.12 -0.31 1.06 0.57 1.95 2.45 0.59 2.27 1.52
1864 2.93 0.17 0.25 0.76 2.46 2.02 -1.05 -0.78 0.85
1863 2.14 -0.06 0.01 0.07 1.56 1.37 -3.33 -0.12 0.21
1862 2.94 0.91 0.38 1.11 1.33 1.19 -2.42 0.43 0.73
1861 2.36 0.17 0.35 1.58 2.23 1.74 -3.67 0.70 0.68
1860 3.41 1.16 1.26 -0.07 0.35 1.31 -2.84 -0.39 0.52
1859 4.21 1.11 -0.98 1.56 0.91 0.47 2.21 -0.45 1.13
1858 4.10 1.43 -0.46 0.97 0.40 0.45 2.54 1.21 1.33
1857 4.58 0.85 -0.27 -0.05 0.85 0.72 -0.57 0.45 0.82
1856 5.03 0.46 -0.05 1.04 1.30 0.26 5.03 0.99 1.76
1855 3.36 1.02 1.52 1.51 -0.56 -0.66 0.10 0.90
1854 2.71 1.26 1.20 2.06 -0.13 -0.34 -0.96 0.83
1853 3.27 1.04 -0.27 2.36 -1.35 0.05 -1.44 0.52
1852 3.42 1.11 0.40 0.59 0.32 -0.39 0.79 0.89




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Avg.
1850 2.82 1.58 -1.03 2.01 0.66 -0.76 -1.75 0.50
1849 2.36 1.34 -1.52 0.24 -0.95 1.15 -1.85 0.11
1848 2.42 0.86 1.26 1.82 0.66 0.39 -0.75 0.95
1847 1.91 1.06 0.53 0.19 1.28 -0.84 -0.52 0.52
1846 2.18 2.14 -0.36 0.83 2.32 -0.38 -0.25 0.93
1845 1.92 2.02 -1.84 2.60 3.50 0.13 -0.12 1.17
1844 1.80 1.11 0.94 0.80 1.13 0.25 1.12 1.02
1843 1.66 1.24 0.64 2.46 1.30 -0.11 0.49 1.10
1842 0.39 0.38 0.31 -0.12 2.12 0.38 0.44 0.56
1841 1.98 1.17 0.31 -0.33 0.77 1.47 0.37 0.82
1840 2.17 1.56 1.52 -0.87 0.97 0.29 2.19 1.12
1839 1.71 1.15 -0.42 1.11 2.04 -0.31 0.68 0.85
1838 1.60 0.95 -0.18 1.16 1.16 1.49 1.21 1.05
1837 0.80 0.82 0.79 0.45 1.73 1.24 -0.05 0.82
1836 2.59 1.10 0.38 2.32 2.12 0.48 -0.38 1.23
1835 2.09 1.59 1.52 1.49 2.01 0.20 0.18 1.30
1834 1.86 1.41 0.55 1.23 2.80 1.52 0.76 1.45
1833 1.53 1.52 0.76 1.16 1.61 1.56 0.81 1.28
1832 2.35 1.06 -0.85 1.21 1.67 0.98 1.41 1.12
1831 1.76 0.83 0.44 0.24 1.11 0.41 1.12 0.84
1830 2.03 1.59 0.07 -0.59 0.18 0.77 0.22 0.61
1829 2.62 1.91 0.44 0.80 1.87 1.71 0.44 1.40
1828 0.49 1.36 1.37 0.71 1.84 0.16 0.13 0.87
1827 0.81 1.74 2.47 1.16 1.78 0.20 0.25 1.20
1826 0.69 2.06 2.21 0.54 1.98 1.47 1.33 1.47
1825 2.05 1.02 0.38 1.44 1.50 1.59 1.80 1.40
1824 2.43 0.78 0.87 0.66 1.44 1.61 0.78 1.23
1823 3.86 1.28 0.64 2.77 0.57 0.98 1.68
1822 3.44 0.53 0.85 3.02 2.05 1.54 1.91
1821 3.71 1.28 1.16 2.54 0.80 1.24 1.79




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Avg.
1819 3.91 3.80 2.08 1.47 0.53 0.65 2.07
1818 3.76 3.16 1.51 1.44 1.56 0.78 2.04
1817 4.60 2.52 0.57 2.40 0.91 -0.14 1.81
1816 1.99 1.23 1.39 0.18 0.42 1.04
1815 2.60 1.37 2.18 -0.24 0.84 1.35
1814 2.00 0.62 1.11 1.17 1.95 1.37
1813 0.13 1.13 1.53 1.07 3.85 1.54
1812 2.73 1.32 1.36 0.13 3.27 1.76
1811 2.66 1.56 1.16 0.53 3.68 1.92
1810 1.17 0.31 3.11 1.25 -0.30 1.11
1809 1.59 1.11 1.05 1.57 -0.61 0.94
1808 1.51 2.17 2.91 1.05 -0.26 1.48
1807 1.52 1.23 2.46 0.34 -0.30 1.05
1806 1.36 1.47 1.59 1.61 0.47 1.30
1805 2.73 0.59 1.50 1.08 0.39 1.26
1804 1.84 0.80 0.49 1.85 1.36 1.27
1803 1.98 1.47 3.81 2.63 0.29 2.04
1802 1.60 0.52 2.52 2.22 0.61 1.49
1801 1.93 0.10 3.50 2.21 0.66 1.68
1800 1.12 2.91 2.15 1.99 1.31 1.89
1799 1.07 2.03 1.67 2.11 0.09 1.39
1798 -0.10 0.97 2.23 0.62 1.05 0.96
1797 -0.58 1.61 1.56 2.20 0.92 1.14
1796 -0.07 1.54 1.22 1.69 0.40 0.96
1795 0.89 -0.09 2.01 0.93 -0.07 0.73
1794 -1.08 -0.61 1.16 1.85 0.92 0.45
1793 0.42 0.71 0.12 1.13 0.29 0.53
1792 0.96 0.62 2.26 0.56 1.68 1.22
1791 0.72 2.69 2.01 0.32 1.32 1.41
1790 0.32 0.52 1.81 0.67 0.74 0.81




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Avg.
1788 0.84 1.49 2.46 1.75 1.54 1.61
1787 0.93 1.58 2.46 1.68 1.91 1.71
1786 1.15 0.02 2.80 2.60 0.69 1.45
1785 0.56 0.76 1.75 1.46 0.04 0.92
1784 1.07 2.10 2.94 1.49 0.10 1.54
1783 0.87 0.88 1.61 1.13 0.60 1.02
1782 0.87 0.38 1.16 1.17 0.50 0.82
1781 1.32 0.85 2.15 0.72 -0.13 0.98
1780 0.90 -1.89 2.15 0.51 0.48 0.43
1779 0.14 -0.94 2.68 0.81 1.41 0.82
1778 0.72 2.15 1.70 1.05 0.20 1.16
1777 1.96 -0.05 3.95 1.34 0.48 1.54
1776 -0.73 2.23 1.19 0.03 0.68
1775 -2.20 2.57 0.33 0.47 0.29
1774 -0.87 1.75 1.05 -0.20 0.43
1773 0.28 2.29 0.35 0.56 0.87
1772 1.30 1.95 0.00 0.74 1.00
1771 1.54 0.74 -0.54 -0.25 0.37
1770 -0.35 2.49 0.62 0.35 0.78
1769 2.24 1.75 1.14 0.35 1.37
1768 1.75 1.67 -1.17 0.43 0.67
1767 0.33 2.63 -1.13 0.70 0.63
1766 -0.21 1.13 1.08 0.54 0.63
1765 0.97 0.57 0.63 0.65 0.71
1764 0.00 1.36 -0.54 1.02 0.46
1763 -1.06 0.49 0.09 0.65 0.04
1762 -1.27 -0.81 0.88 -0.10 -0.32
1761 -0.57 1.87 1.28 -1.29 0.32
1760 -0.16 2.77 0.64 -0.08 0.79
1759 -0.19 0.75 -0.71 -0.05




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Avg.
1757 -0.90 2.72 1.08 0.97
1756 0.31 1.36 0.18 0.62
1755 -0.02 1.38 -0.11 0.42
1754 -0.73 1.95 -0.74 0.16
1753 -2.22 0.94 -1.36 -0.88
1752 -0.42 0.11 -0.05 -0.12


















1 Florida Coolusa (unpublished)
2 Florida Cheeca (unpublished)
3 Halley et al., 1994
4 Dominica (unpublished)
5 DR (unpublished)




8 Florida Crocker (unpublished)
9 Moses and Swart, 2006
10 Moses and Swart, 2006
11 Swart et al., 1996
12 Swart et al., 1996
13 Swart et al., 1998








2001 -1.62 -2.01 -1.81
2000 -2.06 -2.05 -2.06
1999 -0.85 -2.42 -1.63
1998 -1.10 -1.44 -1.27
1997 -1.22 -1.11 -1.17
1996 -1.15 -1.30 -1.23
1995 -1.66 -0.03 -0.82 -0.84
1994 -2.40 -1.02 -1.08 -0.67 -1.29
1993 -2.31 0.01 -2.43 -1.58 -0.85 -0.92 -1.35
1992 -2.08 -0.14 -1.79 -1.71 -1.56 -1.68 -1.57 -1.50
1991 -1.69 -0.42 -1.21 -0.99 -0.78 -1.46 -2.01 0.17 -0.29 -0.97
1990 -1.92 -0.36 -1.04 -1.33 -0.16 -0.77 -1.88 0.96 -1.02 -0.83
1989 -1.90 -0.18 -0.18 -2.14 -0.78 -1.55 -2.43 -1.94 -1.39
1988 -1.61 0.00 0.80 -0.78 -0.93 -0.47 -1.29 -1.34 -0.70
1987 -1.03 -0.51 -1.95 -0.16 -0.57 -0.57 0.10 -0.54 -0.65
1986 -2.27 0.08 -1.87 -0.81 -0.51 -0.92 -0.29 -0.85 -0.75 -0.91
1985 -2.56 0.26 -0.69 -0.44 -1.44 -0.22 -1.14 -0.91 0.17 -0.40 -0.74




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 Avg.
1983 -1.98 -0.06 -0.34 -0.11 -1.25 -0.51 -0.18 -0.01 -1.53 0.67 -0.53
1982 -1.37 0.37 -0.32 -0.08 -1.59 -0.69 -1.20 0.35 -0.17 0.42 -0.43
1981 -1.45 -0.03 -0.59 -0.27 -0.81 -1.14 0.25 1.57 0.05 0.25 -0.22
1980 -1.10 0.13 -0.10 -0.47 -1.50 -0.57 -0.30 0.43 0.50 -0.06 -0.30
1979 -0.91 0.25 -0.06 -0.66 -1.91 -1.92 0.18 0.13 -0.62 0.38 -0.51
1978 -0.94 0.62 -0.65 0.37 -1.16 -0.43 -0.68 0.00 0.50 -0.34 -0.27
1977 -0.70 0.35 -0.44 -0.76 0.08 0.41 -0.96 -0.54 0.17 -0.31 -0.27
1976 -0.78 0.82 -0.95 -0.44 -1.00 -0.22 -1.00 -0.13 0.28 0.60 -0.28
1975 -0.52 0.70 -1.54 -0.83 0.39 -0.62 -0.71 -0.40 0.42 -0.41 1.18 0.21 -0.18
1974 -0.99 0.04 0.98 0.22 0.35 -0.23 -2.05 -0.01 0.27 0.42 0.96 0.69 0.06
1973 -0.99 -0.47 0.79 -0.49 0.29 -0.16 -0.71 -0.07 0.58 0.58 0.73 0.67 0.06
1972 -0.88 -0.29 1.58 1.51 -0.80 -0.46 -1.45 0.14 -0.87 0.10 0.84 0.14 -0.04
1971 -0.01 -2.06 0.46 0.70 -0.99 0.00 -0.49 -0.43 -1.76 0.30 0.50 0.81 -0.25
1970 -0.82 -1.97 0.33 -0.57 -0.70 -0.82 -0.46 -0.87 -0.12 -0.40 0.96 0.58 -0.41
1969 -0.20 -1.04 0.25 0.46 -0.31 -0.54 -0.63 -0.43 -0.29 0.73 2.31 0.60 0.08
1968 0.24 -0.48 0.30 0.26 -0.70 -0.08 0.65 -0.51 -0.05 1.08 -0.06 0.50 0.10
1967 0.08 0.13 0.69 -0.77 0.14 -0.47 -0.96 -0.28 -0.02 0.10 0.62 0.75 0.00
1966 0.28 -0.14 0.89 -0.96 0.20 -0.24 0.56 -0.75 0.11 0.15 0.84 0.29 0.10
1965 0.17 -0.50 1.50 2.63 0.91 0.44 -0.71 -0.57 0.00 0.26 -0.62 0.46 0.33
1964 -0.20 -0.09 0.12 -0.73 1.05 -0.99 -0.53 0.05 -0.22 0.44 -0.40 0.56 -0.08
1963 0.41 -0.64 -0.23 -0.11 1.54 -0.91 -0.18 0.26 -0.58 0.58 -1.64 0.40 -0.09
1962 0.47 0.32 -0.74 -0.75 0.77 -1.10 -0.31 0.02 -1.04 1.59 -0.51 0.65 -0.05
1961 -0.54 0.37 -0.32 0.77 0.60 -0.32 1.20 0.05 -0.49 1.30 1.18 0.46 0.36
1960 -0.23 0.13 1.18 -0.67 0.98 -0.89 0.57 0.41 1.11 1.15 -1.64 0.83 0.24
1959 0.26 -0.11 1.77 1.44 0.67 -0.75 -0.48 -0.46 -0.54 0.64 -3.22 0.58 -0.02
1958 0.36 -0.30 -0.67 0.63 0.19 -0.42 0.22 -0.16 2.47 0.72 -1.08 0.54 0.21
1957 0.12 -0.32 -0.83 1.19 -0.19 -0.10 -0.53 -0.19 0.23 -0.22 0.37 -0.51 0.40 -0.04
1956 0.50 0.45 2.12 -0.48 0.55 -1.01 -0.16 1.03 -0.01 -0.67 0.19 0.05 0.86 0.26
1955 0.46 0.73 -0.31 -0.24 0.00 -0.15 -0.05 -0.87 -1.16 -0.63 0.35 1.41 1.21 0.06
1954 0.15 0.88 -0.73 -2.65 -0.17 -0.30 0.93 -0.22 -0.67 0.84 -0.10 1.29 0.61 -0.01




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 Avg.
1952 0.59 0.59 -1.66 -1.04 0.10 -0.44 1.24 -0.60 -1.10 1.65 0.02 -0.06 0.73 0.00
1951 0.90 0.84 -2.10 1.69 -0.62 -0.89 0.65 -1.41 -0.07 0.10 0.33 -0.62 1.02 -0.01
1950 1.06 0.93 -1.14 -0.52 -0.61 0.21 0.58 -2.12 1.59 -0.32 0.47 0.28 0.81 0.09
1949 1.23 0.86 -1.47 -1.12 -0.71 0.37 0.53 -0.78 -0.15 0.01 0.52 0.39 0.67 0.03
1948 1.02 0.87 -1.20 0.44 -0.51 0.30 0.54 -0.54 0.45 -0.74 0.77 -0.17 0.63 0.14
1947 0.52 0.37 -0.17 -0.24 0.81 -0.14 1.55 -0.48 -0.61 0.53 0.63 0.39 0.83 0.31
1946 0.81 -0.22 -1.03 0.10 0.81 -0.25 0.84 -1.11 1.72 1.04 0.28 1.52 0.38
1945 0.79 0.42 2.93 -0.03 -0.17 0.43 0.85 -1.08 -0.10 0.21 1.18 -0.29 0.31 0.42
1944 0.96 0.54 1.85 0.38 0.48 0.22 2.16 -1.97 -0.69 0.06 -1.87 1.29 0.28
1943 0.64 0.87 1.41 1.45 0.67 0.62 0.92 -2.72 0.31 -0.40 0.17 0.42 0.36
1942 0.63 0.73 2.49 -0.28 1.27 0.47 1.35 -1.29 0.16 0.31 1.34 0.65
1941 0.83 0.94 -0.03 0.67 -0.43 0.22 1.12 -1.47 0.53 0.39 0.29 1.21 0.36
1940 0.63 0.29 -0.76 -1.22 -0.60 0.33 0.22 -1.14 -0.57 -0.15 0.58 -0.22
1939 0.93 0.96 -0.79 -0.67 0.65 1.18 -0.97 0.35 0.75 0.56 0.30
1938 0.62 1.88 -1.15 -0.92 2.47 0.08 -1.11 0.35 0.41 0.29
1937 0.44 1.70 -1.71 0.42 2.52 -0.04 -0.96 0.86 0.58 0.01 0.38
1936 0.75 1.24 0.72 -0.03 0.55 -0.16 -0.05 1.27 0.08 0.49
1935 0.91 1.09 -0.76 0.79 -0.20 -0.16 -0.54 0.39 0.40 0.21
1934 0.49 1.25 -1.02 1.32 -0.87 -0.43 0.65 1.31 0.34
1933 0.19 1.13 -0.46 0.38 0.41 -0.91 0.44 -0.31 1.83 0.30
1932 0.21 1.58 0.68 1.03 -0.52 -0.20 0.38 1.73 0.61
1931 0.06 1.03 0.05 1.05 -1.11 -1.17 -0.43 1.05 2.25 0.31
1930 0.97 0.95 -0.49 -0.51 0.58 -0.56 0.29 1.54 0.35
1929 1.18 0.94 -0.45 0.47 -0.62 -0.76 0.53 -0.10 2.90 0.46
1928 0.99 0.62 0.13 1.08 -3.15 -0.87 1.12 -0.01
1927 0.86 0.11 0.06 1.92 1.24 0.01 0.80 0.48 0.68
1926 1.02 0.26 -0.15 -0.24 0.13 0.94 0.83 0.40
1925 0.84 0.63 0.10 0.81 -1.75 -0.23 0.50 1.07 0.25
1924 0.48 -0.30 0.35 0.67 0.22 1.18 0.74 0.48
1923 0.76 -0.40 0.55 -0.41 0.84 0.58 0.65 0.58 0.39




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 Avg.
1921 0.87 0.71 -0.50 0.00 0.67 1.62 -0.28 0.56 0.46
1920 0.97 0.35 -1.00 -0.23 0.63 0.94 1.18 0.41
1919 0.51 0.05 -0.63 -1.34 0.44 0.71 1.51 0.15 0.17
1918 0.59 0.17 -0.24 0.55 0.24 0.71 1.00 0.43
1917 0.64 0.06 -1.13 -0.38 1.47 -0.13 -0.25 -0.01 0.03
1916 0.16 0.20 0.96 -1.90 0.60 -0.67 -0.75 -0.20
1915 0.18 -0.28 0.36 -0.12 1.23 0.85 -0.46 0.07 0.23
1914 0.50 -1.74 0.57 -1.42 1.46 1.09 -0.16 0.04
1913 0.49 -0.68 -0.43 -0.80 1.79 1.38 0.95 0.53 0.40
1912 0.64 -1.30 0.27 -0.68 2.63 1.38 1.84 0.68
1911 0.63 -1.83 -0.08 -0.24 1.31 0.34 2.35 1.10 0.45
1910 0.50 -1.98 0.09 -0.55 1.09 -0.79 2.44 0.11
1909 1.10 -3.69 -0.90 1.89 -1.55 0.76 1.87 0.34 -0.02
1908 0.86 -2.17 0.38 -0.52 -1.32 -0.15 0.95 -0.28
1907 0.51 -3.03 0.56 0.70 2.35 -0.52 0.20 0.42 0.15
1906 -0.08 -2.93 0.74 -0.08 2.15 -1.09 0.53 -0.11
1905 0.00 -1.40 0.54 1.21 2.11 -0.82 1.42 0.31 0.42
1904 0.06 -1.47 -0.17 2.52 0.85 -1.52 2.20 0.35
1903 -0.30 -0.53 -0.17 0.93 0.32 2.28 2.29 0.26 0.63
1902 0.20 -0.38 0.75 -0.24 1.95 1.84 0.59 0.67
1901 1.18 -0.30 0.00 0.48 1.26 0.62 0.95 0.29 0.56
1900 0.36 -0.02 -1.50 -0.17 1.74 0.13 1.24 0.25
1899 0.30 0.78 1.40 -0.27 1.70 0.52 1.42 0.83 0.84
1898 0.70 0.76 0.68 0.80 1.16 0.31 2.49 0.99
1897 0.85 0.82 -0.05 -0.43 0.20 -0.36 2.52 -0.29 0.41
1896 0.42 0.79 1.38 1.37 0.36 2.14 1.08
1895 1.26 1.20 -0.05 0.25 0.07 1.36 0.97 0.72
1894 0.05 0.78 0.36 0.69 -0.81 1.69 0.46
1893 0.55 0.50 0.58 0.12 1.84 1.16 0.79
1892 -0.23 0.01 -0.13 0.21 1.72 0.32




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 Avg.
1890 0.00 -0.20 0.88 -0.38 1.30 0.32
1889 -0.19 0.44 1.22 -0.59 1.90 0.04 0.47
1888 0.35 -0.56 1.40 -0.11 1.24 0.46
1887 -1.11 0.72 0.57 0.11 1.54 0.58 0.40
1886 -0.94 1.11 0.95 1.76 0.77 0.73
1885 -0.39 0.75 2.67 1.84 1.51 1.51 1.32
1884 -0.98 1.53 2.45 2.01 1.30 1.26
1883 -0.43 2.35 1.62 1.19 1.81 0.94 1.25
1882 1.55 1.49 0.89 1.24 1.57 1.35
1881 1.49 0.60 2.02 0.09 1.42 1.65 1.21
1880 0.02 2.52 0.27 -0.29 1.30 0.76
1879 -1.05 -0.25 -0.26 0.40 -0.13 1.24 -0.01
1878 -1.45 2.61 -0.05 0.20 0.92 0.45
1877 -0.43 0.57 -1.75 -1.01 0.68 0.67 -0.21
1876 -0.84 -0.22 0.30 -0.77 0.65 -0.18
1875 -4.07 -1.15 0.74 -0.33 0.32 1.02 -0.58
1874 -0.83 0.72 1.75 1.57 1.15 0.87
1873 0.60 1.20 2.53 1.50 0.35 0.94 1.19
1872 -0.09 1.79 2.49 1.64 0.47 1.26
1871 -2.38 2.31 2.89 1.33 1.24 0.72 1.02
1870 -1.64 1.27 1.82 2.11 0.44 0.80
1869 0.79 0.32 2.31 2.13 1.69 0.45 1.28
1868 1.17 -1.09 2.43 1.42 2.29 1.24
1867 2.15 1.53 1.78 1.19 2.05 0.45 1.52
1866 -0.03 2.65 1.22 1.87 1.43
1865 0.55 0.81 1.40 1.87 0.34 0.99
1864 1.23 1.10 1.36 2.17 1.46
1863 2.13 1.58 0.03 2.29 1.16 1.44
1862 1.83 1.91 0.21 1.84 1.45
1861 0.31 1.71 1.33 2.08 1.29 1.34




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 Avg.
1859 0.21 2.10 -0.06 1.18 1.16 0.92
1858 -1.76 1.60 -0.14 1.09 0.20
1857 -0.90 1.74 1.72 1.54 1.07 1.03
1856 0.20 1.20 0.29 -0.10 0.40
1855 0.42 1.35 0.85 -0.04 1.70 0.86
1854 0.78 3.14 1.21 0.80 1.48
1853 1.20 2.35 1.53 1.42 0.50 1.40
1852 1.26 2.38 0.97 1.53
1851 1.31 0.84 1.49 0.61 1.06
1850 2.87 2.22 1.17 2.09
1849 3.20 1.22 0.49 0.39 1.33
1848 4.81 1.31 -0.26 1.95
1847 3.47 1.38 0.28 0.75 1.47
1846 1.51 1.36 1.61 1.49
1845 3.37 2.24 0.67 0.69 1.74
1844 4.56 2.16 1.06 2.60
1843 0.56 2.48 0.45 0.64 1.03
1842 0.60 2.72 0.39 1.23
1841 2.24 1.63 0.25 0.50 1.16
1840 2.90 2.76 1.88 2.51
1839 3.86 2.63 0.24 0.56 1.82
1838 3.20 0.80 -0.57 1.14
1837 2.26 3.26 -0.70 0.29 1.28
1836 2.20 4.20 -0.98 1.81
1835 1.26 3.07 0.12 0.91 1.34
1834 1.56 1.77 0.56 1.30
1833 1.64 2.26 3.48 0.12 1.88
1832 0.05 2.72 2.28 1.68
1831 0.28 1.88 1.81 1.29 1.32
1830 1.03 1.87 0.70 1.20




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 Avg.
1828 -0.82 2.75 2.39 1.44
1827 -0.27 1.49 2.77 1.32 1.33
1826 -0.15 1.48 2.15 1.16
1825 -0.20 4.74 2.48 0.53 1.89
1824 -0.69 4.77 2.01 2.03
1823 0.51 3.96 1.85 1.48 1.95
1822 0.56 4.56 1.37 2.17
1821 2.15 4.57 1.17 0.86 2.19
1820 1.70 2.87 1.45 2.01
1819 1.00 4.15 1.49 1.02 1.91
1818 1.83 4.44 1.49 2.58
1817 0.09 4.00 1.78 0.67 1.63
1816 1.59 3.14 1.77 2.17
1815 -0.49 4.12 1.48 -0.56 1.14
1814 0.15 5.00 1.54 2.23
1813 -0.73 4.22 1.24 -0.67 1.02
1812 0.02 2.39 0.32 0.91
1811 -0.31 3.18 1.05 -0.88 0.76
1810 -0.77 3.18 -0.16 0.75
1809 -0.56 2.81 0.51 -0.26 0.63
1808 -0.27 3.38 0.02 1.04
1807 0.01 2.77 -0.15 -0.53 0.52
1806 0.05 0.59 -0.05 0.20
1805 2.33 -0.03 0.12 0.81
1804 3.66 0.15 1.91
1803 3.70 -0.31 0.58 1.32
1802 3.45 -1.56 0.94
1801 2.77 -0.95 -1.13 0.23
1800 2.66 -1.80 0.43
1799 3.06 -1.13 -0.29 0.55




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 Avg.
1797 2.34 3.75 0.78 2.29
1796 2.76 3.51 3.13
1795 2.66 3.68 0.72 2.35
1794 2.53 1.95 2.24
1793 2.84 1.24 0.20 1.43
1792 1.42 1.61 1.51
1791 0.81 2.75 1.43 1.67
1790 2.31 1.52 1.92
1789 3.05 1.43 0.75 1.74
1788 1.65 0.78 1.22
1787 2.52 0.56 -2.87 0.07
1786 3.38 1.17 2.27
1785 3.24 0.25 0.80 1.43
1784 3.67 0.19 1.93
1783 3.10 0.43 0.99 1.51
1782 2.89 0.10 1.50
1781 2.92 0.10 -2.00 0.34
1780 2.01 0.51 1.26
1779 3.52 -0.04 -1.81 0.55
1778 3.00 0.26 1.63
1777 1.71 0.42 -2.52 -0.13
1776 1.87 -0.06 0.91
1775 1.77 0.65 -0.67 0.58
1774 1.22 1.60 1.41
1773 2.41 1.40 -1.10 0.90
1772 2.35 1.05 1.70
1771 2.62 0.95 -1.32 0.75
1770 2.70 0.10 1.40
1769 2.53 0.94 -1.02 0.82
1768 2.64 0.57 1.60




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 Avg.
1766 1.99 0.69 1.34
1765 1.04 -0.52 1.54 0.69
1764 2.06 1.45 1.75
1763 3.69 1.96 0.23 1.96
1762 4.28 2.47 3.38
1761 1.96 1.52 0.61 1.36
1760 3.42 1.15 2.28
1759 0.60 1.87 0.97 1.15
1758 0.89 1.46 1.18
1757 1.59 2.15 0.34 1.36
1756 0.95 1.61 1.28
1755 -1.08 1.16 0.12 0.07
1754 0.50 1.16 0.83
1753 1.87 1.59 -0.45 1.01
1752 2.52 1.27 1.90
1751 3.51 2.39 0.12 2.01
1750 3.44 1.52 2.48
1749 3.86 0.03 0.48 1.46
1748 5.80 -0.13 2.83
1747 4.26 -0.11 0.75 1.63
1746 4.33 0.37 2.35
1745 4.27 0.12 0.53 1.64
1744 4.06 -0.21 1.92
1743 3.44 -0.08 1.02 1.46
1742 2.69 0.31 1.50
1741 1.89 0.69 0.58 1.06
1740 0.99 0.53 0.76
1739 2.17 1.41 -1.05 0.85
1738 2.71 0.76 1.74
1737 3.23 0.43 -0.88 0.93




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 Avg.
1735 4.11 0.29 -0.37 1.34
1734 1.10 1.04 1.07
1733 2.06 0.88 1.54 1.49
1732 3.28 1.20 2.24
1731 4.24 0.79 0.26 1.77
1730 4.75 0.59 2.67
1729 1.58 0.71 -0.07 0.74
1728 4.59 0.53 2.56
1727 3.03 0.48 0.26 1.26
1726 4.58 -0.25 2.17
1725 4.43 0.36 0.29 1.69
1724 3.09 1.70 2.39
1723 3.48 2.20 0.39 2.02
1722 3.59 3.15 3.37
1721 4.08 2.34 1.16 2.52
1720 5.70 2.00 3.85
1719 6.41 0.60 -0.15 2.29
1718 6.93 2.72 4.83
1717 6.52 2.52 -2.03 2.34
1716 5.66 1.50 3.58
1715 5.06 1.04 -0.50 1.86
1714 4.67 2.38 3.53
1713 3.02 3.45 -1.94 1.51
1712 2.42 1.30 1.86
1711 1.78 0.14 -1.51 0.14
1710 2.93 0.52 1.73
1709 2.48 0.61 -0.50 0.86
1708 1.34 0.51 0.92
1707 1.57 -0.58 0.49
1706 1.86 1.86




Year 1 2 3 4 5 6 7 8 9 10 11 12 13 Avg.
1704 1.07 1.07
1703 2.05 -0.91 0.57
1702 1.85 1.85
1701 3.15 1.32 2.23
1700 3.56 3.56
1699 3.74 -0.61 1.56
1698 1.33 1.33
1697 3.37 0.72 2.05
1696 1.93 1.93
1695 1.42 0.75 1.08
1694 2.88 2.88
1693 1.14 0.26 0.70
1692 1.82 1.82
1691 1.35 -0.67 0.34
1690 0.94 0.94
1689 0.99 -1.86 -0.44
1688 2.25 2.25
1687 1.85 -1.29 0.28
1686 2.44 2.44
1685 1.43 -0.75 0.34
1684 -1.26 -1.26
1683 0.16 -1.21 -0.52
1682 1.90 1.90
1681 2.65 -0.86 0.90
1680 3.14 3.14
1679 3.05 -0.48 1.29
1678 2.82 2.82
1677 2.10 0.01 1.06
1676 1.27 1.27





Year 1 2 3 4 5 6 7 8 9 10 11 12 13 Avg.
1673 2.39 -0.37 1.01
1672 1.35 1.35
1671 2.76 -0.20 1.28
1670 1.55 1.55
1669 2.81 -0.50 1.15
1668 2.24 2.24
1667 2.78 -0.88 0.95
1666 1.83 1.83
1665 1.39 -0.83 0.28
1664 1.72 1.72
1663 2.92 -0.75 1.09
1662 2.39 2.39
1661 2.74 -1.35 0.70
1660 2.55 2.55
1659 1.89 -0.80 0.55
1658 0.68 0.68
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Indian Corals
Year 1 2 3 Avg.
1995 0.31 0.31
1994 -1.06 0.07 -0.50
1993 -1.76 -1.67 0.48 -0.98
1992 -2.13 -2.63 -0.73 -1.83
1991 -1.43 -1.54 0.36 -0.87




Year 1 2 3 Avg.
1989 -1.66 -0.91 1.56 -0.34
1988 -2.02 -0.91 1.64 -0.43
1987 -0.96 -1.24 0.27 -0.64
1986 -1.54 -1.86 0.47 -0.98
1985 -1.78 -2.21 0.50 -1.16
1984 -0.39 -1.90 -0.58 -0.96
1983 -0.15 -0.89 0.32 -0.24
1982 -0.91 -0.33 0.53 -0.24
1981 -1.23 0.14 0.25 -0.28
1980 0.47 1.27 0.78 0.84
1979 0.59 1.29 0.11 0.66
1978 -0.20 1.19 1.55 0.85
1977 -1.37 0.13 0.25 -0.33
1976 0.07 -0.51 0.30 -0.04
1975 0.26 -0.84 -0.18 -0.25
1974 -0.35 -0.59 0.52 -0.14
1973 -0.98 -0.50 1.37 -0.04
1972 0.23 -0.94 0.75 0.01
1971 1.64 0.08 1.26 1.00
1970 0.69 -0.63 0.13 0.06
1969 1.01 -0.64 1.07 0.48
1968 0.98 -1.48 0.61 0.04
1967 1.51 -1.11 -0.08 0.11
1966 0.73 -1.55 0.07 -0.25
1965 -0.53 -0.93 -0.06 -0.50
1964 -0.57 -1.09 -0.30 -0.66
1963 -1.36 -0.72 -0.82 -0.97
1962 -0.30 -0.77 0.60 -0.15
1961 0.39 -0.69 0.39 0.03
1960 0.13 -1.05 0.47 -0.15




Year 1 2 3 Avg.
1958 -0.36 -0.33 -0.28 -0.32
1957 0.49 -0.46 -0.18 -0.05
1956 1.04 -0.48 0.30 0.28
1955 0.06 -0.49 0.87 0.15
1954 0.15 -0.39 -0.57 -0.27
1953 -1.15 -0.09 -0.92 -0.72
1952 -0.26 0.35 -1.49 -0.46
1951 0.30 1.21 0.82 0.77
1950 -0.96 0.40 0.91 0.11
1949 -0.35 0.43 0.46 0.18
1948 0.06 0.24 0.28 0.20
1947 0.24 0.28 -0.22 0.10
1946 0.24 -0.06 1.21 0.46
1945 -0.68 -0.43 0.80 -0.10
1944 1.51 -0.90 0.29 0.30
1943 0.95 0.43 0.02 0.46
1942 1.01 1.11 -0.35 0.59
1941 1.62 -0.78 0.33 0.39
1940 1.48 -0.15 -0.56 0.26
1939 0.64 0.22 0.51 0.46
1938 0.97 0.67 0.45 0.70
1937 1.00 0.44 -0.47 0.33
1936 -0.18 0.37 -0.24 -0.01
1935 0.48 -0.25 -0.79 -0.18
1934 0.33 -0.75 -1.05 -0.49
1933 1.17 0.39 -1.21 0.11
1932 0.48 0.79 -0.15 0.37
1931 -0.07 1.26 -2.48 -0.43
1930 -1.03 1.71 -2.45 -0.59
1929 -1.00 0.64 -0.77 -0.38




Year 1 2 3 Avg.
1927 -0.26 0.46 -0.10 0.04
1926 0.11 0.64 -0.44 0.10
1925 1.30 0.57 -0.21 0.55
1924 0.28 0.23 0.71 0.41
1923 0.17 0.86 0.02 0.35
1922 -1.20 2.49 -0.28 0.34
1921 -0.28 1.54 -0.75 0.17
1920 -0.08 2.06 -1.82 0.06
1919 -0.86 0.88 -0.96 -0.31
1918 0.15 1.17 -2.25 -0.31
1917 -0.72 0.64 -3.38 -1.15
1916 -0.48 0.79 -2.27 -0.65
1915 -0.66 1.39 -1.58 -0.29
1914 -0.14 1.78 -1.53 0.03
1913 -1.03 0.78 -0.96 -0.40
1912 -0.21 0.34 -0.73 -0.20
1911 1.22 0.88 0.77 0.96
1910 1.78 1.26 1.11 1.38
1909 0.63 0.59 0.86 0.69
1908 0.73 0.11 1.34 0.73
1907 0.79 0.76 1.37 0.97
1906 0.56 0.34 1.57 0.82
1905 0.72 1.01 1.02 0.92
1904 1.74 0.18 1.09 1.00
1903 0.88 0.56 1.13 0.86
1902 -0.49 0.43 0.74 0.23
1901 0.53 0.23 -0.99 -0.08
1900 1.72 0.48 -1.60 0.20
1899 0.23 0.75 -1.34 -0.12
1898 0.45 0.60 -1.14 -0.03




Year 1 2 3 Avg.
1896 -0.05 1.58 -0.73 0.27
1895 0.70 3.30 -0.18 1.27
1894 -0.78 2.52 0.13 0.62
1893 0.79 2.64 1.18 1.54
1892 0.73 1.95 1.09 1.26
1891 1.14 1.83 0.85 1.27
1890 -0.04 0.93 1.45 0.78
1889 0.61 0.45 0.70 0.58
1888 1.31 0.82 0.95 1.03
1887 1.28 2.51 1.34 1.71
1886 0.07 2.42 1.27 1.25
1885 -0.06 1.95 0.73 0.88
1884 0.74 1.70 0.85 1.10
1883 1.34 2.82 1.42 1.86
1882 1.77 2.03 1.60 1.80
1881 0.76 0.97 0.00 0.58
1880 -0.50 0.46 0.82 0.26
1879 0.39 1.42 0.42 0.75
1878 0.62 0.96 0.79
1877 0.63 1.43 1.03
1876 1.94 2.32 2.13
1875 0.85 1.55 1.20
1874 1.59 1.51 1.55
1873 1.28 2.19 1.74
1872 0.71 1.20 0.96
1871 1.34 1.78 1.56
1870 1.23 1.80 1.51
1869 1.54 1.45 1.49
1868 1.43 2.03 1.73
1867 0.30 0.48 0.39




Year 1 2 3 Avg.
1865 0.92 2.00 1.46
1864 0.96 0.76 0.86
1863 0.26 1.11 0.68
1862 1.04 1.66 1.35
1861 0.65 1.37 1.01
1860 1.04 0.68 0.86
1859 1.88 0.95 1.42
1858 1.44 0.59 1.01
1857 1.31 1.07 1.19
1856 1.78 0.16 0.97
1855 1.77 0.33 1.05
1854 -1.82 1.17 -0.32
1853 0.38 0.89 0.63
1852 2.32 -0.33 0.99
1851 1.74 1.01 1.38
1850 2.15 -0.41 0.87
1849 1.38 0.22 0.80
1848 -0.06 0.27 0.11
1847 -0.23 -0.16 -0.19
1846 0.90 -0.43 0.23
1845 -0.09 -0.17 -0.13
1844 -0.81 1.60 0.39
1843 0.43 0.48 0.45
1842 1.34 0.65 1.00
1841 2.32 1.07 1.70
1840 1.82 1.24 1.53
1839 1.27 1.70 1.49
1838 0.30 1.15 0.73
1837 0.25 0.47 0.36
1836 1.57 0.81 1.19




Year 1 2 3 Avg.
1834 0.90 1.24 1.07
1833 1.17 0.33 0.75
1832 1.50 -0.06 0.72
1831 0.60 0.45 0.52
1830 1.20 0.08 0.64
1829 1.38 0.59 0.99
1828 2.49 0.42 1.45
1827 1.89 1.26 1.58
1826 4.60 0.70 2.65
1825 2.98 0.86 1.92
1824 3.32 1.73 2.52
1823 2.41 2.07 2.24
1822 2.37 0.76 1.56
1821 2.58 0.82 1.70
1820 3.01 0.85 1.93
1819 3.55 1.12 2.34
1818 2.54 1.43 1.99
1817 1.66 0.92 1.29
1816 2.04 1.46 1.75
1815 2.41 1.40 1.91
1814 1.53 1.18 1.35
1813 1.70 1.28 1.49
1812 1.46 0.53 1.00
1811 0.85 -0.08 0.39
1810 2.28 0.91 1.60
1809 2.10 1.28 1.69
1808 2.29 1.50 1.89
1807 3.08 0.55 1.81
1806 3.17 -0.11 1.53
1805 2.96 0.19 1.57




Year 1 2 3 Avg.
1803 1.54 0.90 1.22
1802 1.22 0.90 1.06
1801 2.24 1.14 1.69
1800 1.83 0.10 0.97
1799 0.97 0.64 0.80
1798 1.90 0.75 1.33
1797 0.88 0.39 0.64
1796 2.83 1.03 1.93


























































































































































1 Kuhnert et al., 1999
2 Kuhnert et al., 2000
3 Zinke et al., 2004
Sponge Records
Year 1 2 3 4 5 Avg.
1996 -2.52 -2.52
1995 -2.19 -3.07 -2.63




Year 1 2 3 4 5 Avg.
1993 -2.06 -3.03 -2.55
1992 -2.20 -1.85 -3.47 -2.51
1991 -2.20 -1.36 -2.81 -2.12
1990 -1.88 -1.33 -2.44 -1.88
1989 -1.82 -1.39 -2.30 -3.03 -2.13
1988 -1.65 -0.77 -2.16 -2.52 -1.77
1987 -1.65 -1.63 -0.79 -2.19 -3.24 -1.90
1986 -1.46 -1.63 -1.04 -2.21 -2.61 -1.79
1985 -1.29 -1.62 -0.81 -1.89 -2.30 -1.58
1984 -1.38 -1.62 -0.10 -2.05 -2.45 -1.52
1983 -1.24 -1.64 -0.18 -1.73 -2.24 -1.41
1982 -1.01 -1.69 -0.31 -1.57 -2.48 -1.41
1981 -1.13 -1.63 -0.78 -1.41 -2.17 -1.43
1980 -1.29 -1.53 -0.88 -1.25 -2.07 -1.40
1979 -1.35 -1.57 -1.90 -1.30 -2.35 -1.69
1978 -0.84 -1.63 -1.19 -1.41 -1.94 -1.40
1977 -0.95 -1.59 -1.38 -1.36 -2.00 -1.45
1976 -0.68 -1.54 -2.32 -1.30 -2.03 -1.57
1975 -0.55 -1.33 -1.41 -1.17 -1.11
1974 -0.52 -1.07 -0.81 -1.04 -1.85 -1.06
1973 -0.34 -0.57 -0.38 -1.20 -1.74 -0.85
1972 -0.34 -0.30 0.18 -0.93 -1.86 -0.65
1971 -1.07 -0.67 -0.38 -0.85 -1.79 -0.95
1970 -0.21 -0.79 -0.99 -0.77 -1.61 -0.87
1969 -0.31 -0.49 -1.48 -0.68 -0.74
1968 -0.32 -0.20 -1.25 -0.59 -1.57 -0.79
1967 -0.36 0.10 -0.97 -0.40 -1.48 -0.62
1966 -0.06 0.22 -0.91 -0.36 -0.28
1965 0.03 0.22 -0.68 -0.33 -0.19
1964 0.01 0.24 -0.97 -0.29 -1.25 -0.45




Year 1 2 3 4 5 Avg.
1962 0.02 0.29 -0.72 -0.40 -1.32 -0.42
1961 -0.05 0.32 -0.05 -0.34 -1.26 -0.28
1960 0.26 0.30 -0.27 -0.21 -1.32 -0.25
1959 -0.56 0.29 -0.47 -0.08 -1.14 -0.39
1958 0.47 0.33 0.20 0.06 0.26
1957 0.45 0.37 0.43 -0.02 -1.25 0.00
1956 0.02 0.41 0.17 -0.18 -1.25 -0.17
1955 -0.05 0.45 -1.02 -0.05 -0.17
1954 -0.39 0.51 -0.97 0.08 -1.01 -0.36
1953 0.21 0.53 -1.31 0.14 -1.06 -0.30
1952 0.10 0.47 -0.96 0.11 -1.30 -0.32
1951 -0.16 0.49 -1.30 0.08 -1.01 -0.38
1950 0.20 0.59 -1.55 0.30 -1.10 -0.31
1949 0.47 0.69 -1.00 0.24 -0.88 -0.10
1948 0.54 0.76 -0.54 -0.13 -1.04 -0.08
1947 -0.15 0.73 -0.75 0.03 -1.18 -0.26
1946 0.42 0.64 -1.03 0.19 -0.92 -0.14
1945 0.44 0.59 -0.26 0.14 -0.90 0.00
1944 0.55 0.57 -0.29 0.16 -0.84 0.03
1943 0.46 0.67 0.77 0.19 -1.03 0.21
1942 0.64 0.80 0.89 0.32 -0.73 0.38
1941 0.31 0.85 1.22 0.46 -0.73 0.42
1940 -0.24 0.88 1.44 0.56 -0.77 0.38
1939 0.50 0.73 0.72 0.48 -0.88 0.31
1938 0.72 0.57 0.09 0.40 -0.75 0.21
1937 0.63 0.42 0.72 0.46 -0.73 0.30
1936 0.72 0.27 0.53 0.54 -0.68 0.28
1935 0.70 0.11 0.84 0.83 -0.55 0.39
1934 0.57 0.13 1.31 0.76 -0.88 0.38
1933 0.85 0.44 0.43 0.69 -0.77 0.33




Year 1 2 3 4 5 Avg.
1931 0.82 0.52 0.79 0.55 0.67
1930 0.63 0.36 0.76 0.48 -0.85 0.27
1929 0.43 0.14 0.71 0.40 -0.77 0.18
1928 0.58 0.40 0.93 0.48 -0.84 0.31
1927 0.72 0.88 0.89 0.55 -0.84 0.44
1926 0.42 0.70 1.05 0.62 -0.59 0.44
1925 0.63 0.35 1.06 0.69 0.68
1924 0.49 0.62 0.95 0.76 -0.81 0.40
1923 0.11 0.97 1.38 0.83 -0.44 0.57
1922 0.71 0.53 0.39 0.82 0.61
1921 0.65 0.17 0.83 0.80 -0.77 0.34
1920 0.83 0.53 0.78 0.79 0.73
1919 0.94 0.73 0.55 0.78 -0.52 0.50
1918 0.81 0.34 0.98 0.82 -0.73 0.44
1917 0.76 0.23 0.90 0.85 0.69
1916 0.69 0.72 0.93 0.89 -0.48 0.55
1915 0.70 0.77 0.99 0.93 -0.50 0.58
1914 1.35 0.23 0.69 0.97 0.81
1913 1.23 0.25 0.68 1.01 -0.71 0.49
1912 1.12 0.79 0.56 1.05 -0.33 0.64
1911 0.92 0.76 0.87 1.06 -0.66 0.59
1910 1.00 0.40 1.18 1.07 0.91
1909 0.91 0.72 1.22 1.08 -0.57 0.67
1908 1.13 1.28 0.49 1.09 1.00
1907 1.22 1.38 1.66 1.10 -0.30 1.01
1906 1.13 1.38 1.01 1.14 -0.16 0.90
1905 1.02 1.39 1.75 1.18 -0.71 0.93
1904 1.07 1.40 1.36 1.23 -0.37 0.94
1903 1.07 1.29 1.33 1.27 1.24
1902 1.42 1.23 1.11 1.31 -0.15 0.98




Year 1 2 3 4 5 Avg.
1900 1.14 1.55 1.24 1.24 1.29
1899 1.47 1.48 1.21 1.21 -0.46 0.98
1898 1.14 1.40 1.07 1.17 -0.15 0.93
1897 1.44 1.33 1.13 1.13 1.26
1896 1.53 1.33 1.10 1.10 -0.39 0.93
1895 1.42 1.41 0.99 1.13 -0.54 0.88
1894 1.52 1.22 1.64 1.16 -0.30 1.05
1893 1.48 0.84 1.43 1.19 1.24
1892 1.33 0.81 1.18 1.23 0.40 0.99
1891 1.46 0.94 1.16 1.26 -0.26 0.91
1890 1.66 1.01 1.26 1.26 1.30
1889 1.41 1.07 1.19 1.26 -0.17 0.95
1888 1.69 0.98 1.05 1.26 1.24
1887 1.68 0.87 1.14 1.26 1.24
1886 1.79 1.04 1.08 1.26 0.32 1.10
1885 1.77 1.18 0.91 1.26 -0.21 0.98
1884 1.69 1.19 0.10 0.99
1883 1.69 1.05 -0.33 0.80
1882 1.62 0.37 1.00
1881 1.73 0.13 -0.24 0.54
1880 1.65 0.83 0.10 0.86
1879 1.66 1.11 0.05 0.94
1878 1.76 0.81 -0.19 0.79
1877 1.71 0.88 1.30
1876 1.47 1.29 1.38
1875 1.75 1.28 0.07 1.03
1874 1.69 1.02 1.36
1873 1.71 1.17 0.07 0.98
1872 1.81 1.45 1.63
1871 1.77 1.43 0.21 1.14




Year 1 2 3 4 5 Avg.
1869 1.55 1.27 -0.01 0.94
1868 1.71 1.20 1.46
1867 1.43 1.23 1.33
1866 1.44 1.27 1.36
1865 1.46 1.41 -0.04 0.94
1864 1.64 1.60 0.05 1.10
1863 1.80 1.95 1.87
1862 1.69 2.02 1.85
1861 1.64 1.61 1.62
1860 1.42 1.18 -0.04 0.85
1859 1.58 0.74 -0.06 0.75
1858 1.69 0.84 0.10 0.88
1857 1.76 1.34 1.55
1856 1.50 1.50 1.50
1855 1.70 1.49 0.03 1.07
1854 1.77 1.49 -0.06 1.07
1853 1.61 1.49 1.55
1852 1.66 1.52 0.25 1.14
1851 1.73 1.56 1.64
1850 1.62 1.48 0.07 1.06
1849 1.48 1.43 0.15 1.02
1848 1.94 1.60 0.21 1.25
1847 1.96 1.75 1.86
1846 2.00 1.81 1.91
1845 1.50 1.85 0.03 1.13
1844 1.66 1.82 0.15 1.21
1843 1.85 1.48 1.66
1842 1.53 0.71 1.12
1841 1.62 0.73 0.21 0.85
1840 1.90 1.44 0.29 1.21




Year 1 2 3 4 5 Avg.
1838 1.85 1.71 1.78
1837 1.50 1.75 0.16 1.13
1836 1.75 1.80 0.65 1.40
1835 1.79 1.85 0.43 1.35
1834 1.95 1.89 1.92
1833 1.92 1.75 0.17 1.28
1832 1.74 1.62 1.68
1831 1.88 1.73 0.07 1.23
1830 1.92 1.83 0.40 1.38
1829 1.95 1.84 1.90
1828 2.00 1.87 -0.04 1.28
1827 2.19 1.93 0.43 1.52
1826 2.06 2.00 0.47 1.51
1825 1.92 2.06 1.99
1824 2.18 2.05 0.58 1.60
1823 1.98 1.94 0.39 1.44
1822 1.94 1.92 0.58 1.48
1821 1.90 1.96 1.93
1820 2.13 1.94 2.04
1819 2.05 1.89 1.97
1818 1.91 1.85 0.29 1.35
1817 2.07 1.80 1.93
1816 2.02 1.83 1.93
1815 1.92 1.87 0.51 1.43
1814 1.89 1.91 0.61 1.47
1813 1.97 1.93 0.48 1.46
1812 1.82 1.85 1.83
1811 1.90 1.77 1.83
1810 1.84 1.68 1.76
1809 1.99 1.61 1.80




Year 1 2 3 4 5 Avg.
1807 2.06 1.61 1.83
1806 2.21 1.77 1.99
1805 1.94 1.78 0.40 1.37
1804 1.80 1.64 1.72
1803 1.93 1.62 0.58 1.38
1802 1.85 1.66 0.41 1.31
1801 1.94 1.73 1.84
1800 1.99 1.81 0.47 1.42
1799 2.04 1.84 1.94
1798 2.01 1.85 1.93
1797 2.10 1.80 0.58 1.49
1796 1.89 1.75 0.58 1.41
1795 1.71 1.92 0.61 1.42
1794 1.82 2.03 1.92
1793 1.94 1.77 1.85
1792 1.96 1.61 1.79
1791 2.06 1.73 0.60 1.46
1790 2.03 1.81 0.94 1.59
1789 1.77 1.83 1.80
1788 2.05 1.92 1.98
1787 2.11 2.07 2.09
1786 2.21 2.11 2.16
1785 2.30 2.06 0.37 1.57
1784 2.10 2.04 2.07
1783 1.99 2.04 2.02
1782 2.16 2.08 0.58 1.60
1781 2.15 2.12 1.02 1.76
1780 2.16 1.94 0.39 1.50
1779 2.46 1.73 2.09
1778 2.52 1.80 2.16




Year 1 2 3 4 5 Avg.
1776 2.17 1.94 0.40 1.50
1775 2.23 2.02 2.12
1774 2.18 2.09 0.43 1.57
1773 2.02 2.04 2.03
1772 2.03 1.74 1.89
1771 2.21 1.64 0.63 1.49
1770 2.11 1.80 0.85 1.59
1769 2.17 1.85 0.39 1.47
1768 2.29 1.78 2.04
1767 2.08 1.77 1.92
1766 2.13 1.78 0.54 1.49
1765 2.27 1.84 0.94 1.68
1764 2.26 1.91 2.08
1763 2.30 2.01 0.40 1.57
1762 2.26 2.10 0.88 1.75
1761 2.46 2.08 0.72 1.75
1760 2.37 2.05 2.21
1759 2.23 2.04 2.13
1758 2.39 2.02 0.41 1.61
1757 2.48 1.99 0.32 1.60
1756 2.42 1.94 2.18
1755 2.51 1.86 0.61 1.66
1754 2.43 1.82 0.51 1.58
1753 2.24 1.82 0.72 1.59
1752 2.37 1.88 0.47 1.57
1751 2.39 2.00 1.09 1.83
1750 2.33 2.00 2.16
1749 2.37 1.92 2.14
1748 2.42 1.84 0.76 1.68
1747 2.26 1.78 2.02




Year 1 2 3 4 5 Avg.
1745 2.38 1.88 2.13
1744 2.26 1.84 0.65 1.58
1743 2.29 1.80 2.04
1742 2.30 1.77 0.80 1.62
1741 2.37 1.75 0.67 1.60
1740 2.33 1.78 0.91 1.67
1739 2.41 1.80 2.10
1738 2.33 1.80 2.07
1737 2.16 1.81 1.99
1736 2.33 1.82 0.68 1.61
1735 2.33 1.84 0.61 1.60
1734 2.29 1.85 2.07
1733 2.19 1.88 2.04
1732 2.16 1.92 0.91 1.66
1731 2.22 1.96 0.70 1.63
1730 2.20 1.99 2.09
1729 2.29 1.94 2.12
1728 2.24 1.86 2.05
1727 2.27 1.87 0.74 1.63
1726 2.27 1.90 0.91 1.69
1725 2.31 1.87 2.09
1724 2.38 1.85 2.11
1723 2.38 1.82 0.72 1.64
1722 2.29 1.79 2.04
1721 2.24 1.79 0.64 1.56
1720 2.13 1.79 1.96
1719 2.23 1.81 0.94 1.66
1718 2.28 1.84 2.06
1717 2.25 1.88 2.06
1716 2.43 1.91 0.69 1.67




Year 1 2 3 4 5 Avg.
1714 2.37 1.90 2.14
1713 2.27 1.88 2.07
1712 2.20 1.94 2.07
1711 2.16 2.05 2.10
1710 2.18 2.16 2.17
1709 2.23 2.26 0.71 1.73
1708 2.32 2.09 2.20
1707 2.24 1.88 1.00 1.71
1706 2.14 1.99 2.07
1705 2.37 2.08 2.23
1704 2.44 2.02 2.23
1703 2.39 1.97 0.84 1.73
1702 2.38 1.94 2.16
1701 2.44 1.97 2.20
1700 2.35 2.13 2.24
1699 2.16 0.91 1.53
1698 1.99 0.84 1.41
1697 1.85 1.85
1696 1.75 1.75
1695 1.79 0.82 1.30
1694 1.93 1.93
1693 1.87 0.72 1.29
1692 1.74 1.74
1691 1.71 0.98 1.34
1690 1.70 0.54 1.12
1689 1.75 1.02 1.38
1688 1.81 0.61 1.21
1687 1.74 0.67 1.21
1686 1.71 1.71
1685 1.81 0.32 1.07




Year 1 2 3 4 5 Avg.
1683 1.84 0.69 1.26
1682 1.74 0.79 1.27
1681 1.53 1.53
1680 1.49 0.80 1.14
1679 1.62 0.98 1.30
1678 1.71 0.65 1.18
1677 1.76 1.76
1676 1.84 0.82 1.33
1675 1.92 0.68 1.30
1674 1.68 1.68
1673 1.36 0.74 1.05
1672 1.57 1.57
1671 1.84 0.74 1.29
1670 1.86 0.71 1.28
1669 1.84 0.83 1.34
1668 1.51 0.54 1.03
1667 1.30 0.85 1.07
1666 1.52 0.43 0.98
1665 1.57 0.63 1.10
1664 1.22 0.61 0.92
1663 1.18 1.02 1.10
1662 1.55 0.87 1.21
1661 1.63 0.51 1.07
1660 1.44 0.62 1.03
1659 1.73 0.58 1.16
1658 2.32 1.02 1.67
1657 2.10 0.65 1.38
1656 1.60 0.76 1.18
1655 1.70 0.64 1.17
1654 1.91 1.91




Year 1 2 3 4 5 Avg.
1652 2.33 0.72 1.53
1651 2.46 0.76 1.61
1650 2.56 0.96 1.76
1649 2.54 0.80 1.67
1648 2.52 2.52
1647 2.51 2.51




























































































































































































































































































































1 Rosenheim et al., 2004
2 Rosenheim et al., 2004
3 Swart et al., 2002
4 Bohm et al., 1996
5 Bohm et al., 2002
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Table A10: Z-score average and 5 year mean normalized to 1800-present
Average Z-score
Year Atlantic Pacific Indian Sponges Arctica Atmosphere
1800 1.26 -0.54 0.30 1.06 1.05
1801 1.01 -0.84 1.02 0.93 0.78
1802 0.86 -0.17 0.47 0.90 0.86
1803 1.35 0.39 0.60 1.02 1.09
1804 0.70 0.70 1.34 0.83 0.52
1805 0.65 -0.04 0.81 1.01 0.16
1806 0.70 -0.37 0.74 1.07 0.76
1807 0.44 -0.32 1.05 0.92 0.75
1808 0.84 0.16 1.22 0.95 0.75
1809 0.38 -0.17 1.03 0.90 1.23
1810 0.48 -0.07 0.91 0.86 0.54
1811 1.27 -0.16 -0.20 0.93 0.71
1812 1.12 0.12 0.37 0.93 0.84
1813 0.93 0.04 0.86 1.13 0.86
1814 0.77 1.10 0.74 1.11 0.58
1815 0.71 0.17 1.22 1.12 0.60
1816 0.45 1.16 1.10 1.10 0.36
1817 0.89 0.78 0.66 1.10 0.59
1818 1.17 1.41 1.29 1.06 0.71
1819 1.19 1.05 1.54 1.12 1.36
1820 0.73 1.03 1.18 1.16 0.16
1821 0.92 1.21 0.98 1.09 0.80
1822 1.04 1.06 0.86 1.14 0.63
1823 0.80 1.18 1.57 1.08 0.09
1824 0.54 0.97 1.77 1.22 0.10
1825 0.73 0.96 1.17 1.12 0.63 1.24
1826 0.87 0.46 1.75 1.15 0.70
1827 0.61 0.78 0.93 1.16 0.58
1828 0.29 0.63 0.74 0.88 0.65
1829 0.70 0.46 0.37 0.98 0.67
1830 0.00 0.40 0.03 0.98 0.57
1831 0.22 0.72 -0.02 0.83 0.26
1832 0.43 0.81 0.08 0.77 0.28 1.22
1833 0.64 1.02 0.15 0.87 0.57
1834 0.76 0.48 0.52 0.94 1.24
1835 0.63 0.57 0.46 0.96 0.62
1836 0.53 0.68 0.56 1.01 0.54
1837 0.24 0.38 -0.16 0.83 -0.07
1838 0.42 0.35 0.22 0.89 0.25
1839 0.20 0.92 0.91 0.83 0.23
1840 0.47 1.46 0.89 0.87 0.50 1.24
1841 0.20 0.42 1.01 0.62 0.79
1842 -0.01 0.37 0.39 0.48 0.30
1843 0.46 0.31 -0.08 0.81 0.02
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1844 0.39 1.52 0.00 0.87 0.66
1845 0.45 0.91 -0.64 0.81 1.10 1.39
1846 0.24 0.70 -0.37 0.97 1.41
1847 -0.10 0.72 -0.68 0.93 -0.92
1848 0.32 0.98 -0.39 0.90 0.04
1849 -0.48 0.56 0.18 0.74 0.42
1850 -0.16 1.11 0.16 0.77 0.62
1851 -0.20 0.44 0.74 0.81 1.37
1852 0.20 0.65 0.27 0.84 1.55
1853 -0.11 0.67 0.11 0.75 1.47
1854 0.20 0.65 -0.64 0.79 1.41 1.30
1855 0.24 0.38 0.39 0.76 1.51
1856 0.86 -0.19 0.31 0.69 1.31
1857 0.16 0.48 0.59 0.71 0.79
1858 0.57 -0.35 0.39 0.60 0.69
1859 0.38 0.33 0.77 0.46 0.76
1860 0.02 0.34 0.28 0.58 0.05
1861 0.20 0.76 0.48 0.75 2.05 1.24
1862 0.20 0.66 0.79 0.89 0.50
1863 -0.25 0.79 0.18 0.90 -0.08
1864 0.25 0.76 0.29 0.75 1.20
1865 0.77 0.38 0.92 0.68 1.60
1866 1.27 0.65 0.60 0.58 1.33
1867 1.06 0.91 -0.13 0.55 1.32
1868 0.17 0.66 1.15 0.62 1.63
1869 0.01 0.69 0.89 0.62 1.96 1.29
1870 -0.03 0.23 0.94 0.67 1.32
1871 -0.36 0.39 0.98 0.76 0.97
1872 0.50 0.61 0.41 0.72 1.28
1873 0.22 0.62 1.17 0.65 0.91
1874 0.84 0.31 0.94 0.56 0.77
1875 0.66 -0.89 0.65 0.69 0.91
1876 0.38 -0.56 1.51 0.58 0.80
1877 0.74 -0.49 0.50 0.52 0.42
1878 0.21 -0.03 0.25 0.51 0.70
1879 0.75 -0.30 0.24 0.62 0.80
1880 1.08 0.25 -0.14 0.55 0.89
1881 0.42 0.74 0.06 0.24 1.18
1882 0.15 0.79 1.20 0.27 1.06 1.07
1883 0.42 0.68 1.25 0.46 0.51
1884 0.26 0.61 0.56 0.60 0.53
1885 0.50 0.79 0.37 0.57 0.63
1886 0.33 0.22 0.73 0.68 1.20 1.19
1887 0.29 -0.05 1.11 0.54 1.05
1888 0.15 -0.01 0.50 0.55 0.90
1889 -0.30 -0.06 0.11 0.54 0.96
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1890 -0.33 -0.13 0.34 0.60 0.84
1891 0.62 0.11 0.71 0.51 0.96 1.04
1892 0.06 -0.08 0.72 0.59 0.46 0.95
1893 0.56 0.37 0.96 0.55 0.43
1894 0.37 0.06 0.12 0.64 0.26
1895 0.45 0.38 0.65 0.54 0.31
1896 0.64 0.59 -0.24 0.52 0.21
1897 0.06 0.03 0.64 0.57 -0.01
1898 0.18 0.60 -0.53 0.52 -0.47 1.14
1899 0.65 0.42 -0.62 0.55 -0.08
1900 0.47 -0.08 -0.38 0.60 -0.10
1901 0.23 0.19 -0.56 0.58 0.14
1902 0.13 0.26 -0.18 0.57 0.39
1903 0.20 0.28 0.37 0.55 0.57
1904 -0.14 0.04 0.49 0.53 0.53
1905 -0.30 0.01 0.42 0.65 0.46 1.07
1906 0.05 -0.49 0.38 0.50 0.91
1907 -0.04 -0.24 0.49 0.61 0.80
1908 -0.01 -0.49 0.27 0.32 0.82
1909 0.04 -0.23 0.21 0.27 1.15
1910 0.24 -0.23 0.81 0.25 0.74
1911 0.24 0.11 0.43 0.20 0.71
1912 0.23 0.24 -0.64 0.24 0.79 0.90
1913 -0.17 0.02 -0.82 0.13 0.64
1914 -0.20 -0.31 -0.49 0.14 0.26
1915 0.01 -0.15 -0.77 0.20 0.19 0.80
1916 -0.16 -0.52 -1.12 0.17 0.32
1917 -0.05 -0.32 -1.62 0.04 0.43
1918 0.29 0.14 -0.84 0.07 0.75
1919 0.13 -0.17 -0.75 0.11 0.21
1920 0.13 0.11 -0.49 0.08 0.16
1921 -0.11 0.14 -0.32 -0.02 0.33
1922 -0.06 0.02 -0.14 -0.04 -0.28
1923 0.21 0.05 -0.13 0.20 0.10
1924 -0.06 0.17 -0.03 0.03 0.26 0.75
1925 -0.05 0.06 0.02 0.04 -0.28
1926 -0.38 0.10 -0.37 0.07 -0.15 0.82
1927 -0.22 0.33 -0.40 0.06 -0.10
1928 0.09 -0.13 -0.38 -0.02 -0.38
1929 -0.18 0.20 -0.78 -0.17 -0.12 0.85
1930 -0.17 0.09 -1.08 -0.05 -0.18
1931 0.30 0.13 -0.95 0.02 -0.10
1932 0.23 0.37 -0.12 -0.09 -0.27 0.82
1933 0.06 -0.01 -0.42 -0.05 0.34
1934 0.09 0.15 -0.92 0.05 0.38
1935 0.12 -0.02 -0.64 0.01 0.11
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1936 0.07 0.24 -0.45 -0.09 0.11 0.67
1937 0.05 0.18 -0.19 -0.07 0.10
1938 -0.21 0.10 0.19 -0.16 -0.37 0.72
1939 -0.21 0.05 -0.01 -0.03 -0.40 0.68
1940 0.01 -0.37 -0.26 0.02 -0.59 0.75
1941 0.01 0.17 -0.09 0.06 -0.30
1942 -0.14 0.43 0.04 0.02 -0.41
1943 -0.01 0.14 -0.04 -0.12 -0.17
1944 0.14 0.10 -0.17 -0.32 -0.59 0.68
1945 0.39 0.18 -0.45 -0.35 -0.52
1946 0.26 0.26 0.05 -0.49 -0.31
1947 0.16 0.10 -0.36 -0.54 -0.25
1948 0.06 -0.02 -0.24 -0.43 -0.19 0.57
1949 0.08 -0.15 -0.24 -0.45 -0.21
1950 0.09 -0.02 -0.26 -0.61 -0.18
1951 -0.22 -0.14 0.29 -0.71 -0.24
1952 -0.08 -0.20 -0.91 -0.58 -0.46
1953 0.00 -0.25 -1.09 -0.65 -0.38 0.60
1954 -0.06 -0.21 -0.70 -0.68 -0.15
1955 0.04 -0.16 -0.24 -0.76 -0.28
1956 0.18 0.06 -0.17 -0.50 -0.22
1957 -0.07 -0.21 -0.49 -0.33 -0.13
1958 -0.07 0.09 -0.71 -0.35 -0.23
1959 -0.20 -0.17 -0.10 -0.71 -0.61
1960 0.06 0.10 -0.53 -0.59 -0.65
1961 -0.27 0.22 -0.38 -0.61 -0.33
1962 -0.25 -0.15 -0.52 -0.75 -0.45 0.45
1963 -0.08 -0.21 -1.29 -0.69 -0.59
1964 -0.25 -0.20 -1.00 -0.78 -0.54
1965 -0.48 0.15 -0.86 -0.78 -1.11 0.35
1966 -0.45 -0.05 -0.64 -0.86 -0.67
1967 -0.47 -0.14 -0.35 -0.92 -0.65
1968 -0.16 -0.05 -0.37 -1.09 -1.02
1969 -0.42 -0.05 0.04 -1.29 -1.20
1970 -0.34 -0.53 -0.37 -1.18 -0.99 0.38
1971 -0.46 -0.39 0.49 -1.24 -1.06 0.03
1972 -0.31 -0.20 -0.37 -0.89 -0.92
1973 -0.52 -0.09 -0.36 -1.14 -0.84 -0.08
1974 -0.52 -0.10 -0.51 -1.34 -0.99
1975 -0.27 -0.28 -0.66 -1.63 -0.71 -0.15
1976 -0.56 -0.14 -0.44 -1.84 -0.64
1977 -0.40 -0.37 -0.68 -1.70 -0.89
1978 -0.61 -0.32 0.40 -1.66 -1.25 -0.23
1979 -0.72 -0.54 0.14 -1.77 -1.09
1980 -0.44 -0.43 0.34 -1.66 -1.10
1981 -0.33 -0.35 -0.63 -1.69 -0.94 -0.61
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1982 -0.85 -0.56 -0.58 -1.60 -0.84 -0.63
1983 -0.84 -0.70 -0.61 -1.66 -1.13 -0.72
1984 -0.72 -0.74 -1.28 -1.76 -0.92 -0.82
1985 -0.80 -0.87 -1.37 -1.83 -0.67 -0.75
1986 -1.06 -1.00 -1.22 -2.02 -1.43 -0.70
1987 -1.27 -0.77 -0.95 -1.98 -1.50 -0.80
1988 -1.23 -0.81 -0.66 -1.98 -1.23 -0.92
1989 -0.92 -1.44 -0.59 -2.26 -1.41 -0.96
1990 -1.26 -0.92 -1.60 -2.26 -1.21 -1.02
1991 -1.27 -1.06 -1.13 -2.16 -1.08 -0.98
1992 -1.22 -1.54 -2.02 -2.34 -1.18 -1.02
1993 -1.50 -1.37 -1.22 -2.41 -0.99 -0.96
1994 -1.42 -1.17 -0.77 -2.59 -1.26 -1.04
1995 -1.26 -0.52 -0.12 -2.46 -1.29 -1.09
1996 -0.88 -0.83 -2.63 -1.25 -1.18
1997 -1.52 -0.73 -2.26 -1.35 -1.21
1998 -1.50 -1.29 -1.44 -1.37
1999 -1.08 -1.64 -1.21 -1.35
2000 -0.96 -2.12 -1.67 -1.37
2001 -2.37 -1.86 -1.62 -1.39
2002 -2.96 -1.19 -2.26 -1.42
2003 -1.69 -1.25 -2.39 -1.56





Bold values indicate instrumental, as opposed to proxy,  atmospheric data points.
5-Year centrally weighted means
Year Atlantic Pacific Indian Sponges Arctica
1802 1.03 -0.14 0.70 0.94 0.88
1803 0.98 0.15 0.80 0.94 0.77
1804 0.85 0.25 0.89 0.95 0.63
1805 0.73 0.07 0.91 0.98 0.54
1806 0.65 -0.11 0.94 0.98 0.59
1807 0.60 -0.17 0.99 0.97 0.74
1808 0.59 -0.10 1.05 0.94 0.83
1809 0.61 -0.09 0.91 0.91 0.86
1810 0.75 -0.06 0.66 0.90 0.79
1811 0.93 -0.06 0.43 0.93 0.78
1812 1.00 0.13 0.46 0.99 0.75
1813 0.95 0.29 0.65 1.06 0.75
1814 0.80 0.55 0.87 1.10 0.65
1815 0.71 0.65 0.98 1.11 0.57
1816 0.72 0.88 1.01 1.10 0.53
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1817 0.87 0.97 1.06 1.10 0.65
1818 0.98 1.12 1.17 1.10 0.73
1819 1.02 1.11 1.25 1.11 0.80
1820 0.96 1.12 1.19 1.12 0.68
1821 0.92 1.12 1.13 1.12 0.60
1822 0.87 1.11 1.18 1.13 0.44
1823 0.80 1.08 1.35 1.13 0.35
1824 0.73 0.97 1.49 1.15 0.34
1825 0.71 0.86 1.45 1.15 0.46
1826 0.68 0.72 1.33 1.12 0.59
1827 0.62 0.66 1.04 1.07 0.64
1828 0.48 0.58 0.73 1.00 0.64
1829 0.39 0.55 0.40 0.96 0.59
1830 0.28 0.55 0.18 0.91 0.50
1831 0.32 0.67 0.07 0.87 0.41
1832 0.42 0.76 0.11 0.85 0.48
1833 0.57 0.77 0.23 0.87 0.63
1834 0.64 0.68 0.38 0.92 0.77
1835 0.60 0.60 0.39 0.94 0.66
1836 0.50 0.53 0.34 0.94 0.47
1837 0.38 0.52 0.27 0.90 0.25
1838 0.35 0.64 0.40 0.87 0.23
1839 0.31 0.80 0.65 0.83 0.32
1840 0.29 0.86 0.79 0.76 0.45
1841 0.24 0.68 0.71 0.69 0.47
1842 0.24 0.62 0.43 0.67 0.41
1843 0.31 0.67 0.10 0.73 0.43
1844 0.36 0.90 -0.16 0.81 0.66
1845 0.33 0.91 -0.38 0.87 0.73
1846 0.23 0.87 -0.46 0.90 0.59
1847 0.08 0.78 -0.45 0.90 0.18
1848 -0.02 0.81 -0.26 0.86 0.13
1849 -0.16 0.78 0.01 0.81 0.34
1850 -0.15 0.77 0.24 0.79 0.78
1851 -0.12 0.68 0.38 0.79 1.15
1852 0.00 0.66 0.23 0.80 1.37
1853 0.06 0.60 0.08 0.79 1.47
1854 0.21 0.50 -0.04 0.77 1.45
1855 0.32 0.36 0.14 0.74 1.36
1856 0.46 0.16 0.30 0.71 1.18
1857 0.44 0.12 0.48 0.66 0.96
1858 0.41 0.08 0.50 0.60 0.72
1859 0.30 0.24 0.52 0.58 0.73
1860 0.22 0.39 0.50 0.63 0.77
1861 0.13 0.60 0.50 0.73 0.88
1862 0.09 0.68 0.47 0.81 0.74
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1863 0.13 0.70 0.46 0.82 0.75
1864 0.37 0.66 0.50 0.77 0.94
1865 0.69 0.63 0.51 0.68 1.23
1866 0.88 0.66 0.54 0.62 1.41
1867 0.76 0.71 0.55 0.60 1.49
1868 0.43 0.67 0.72 0.61 1.56
1869 0.11 0.57 0.85 0.64 1.56
1870 -0.01 0.46 0.90 0.68 1.42
1871 0.01 0.46 0.86 0.71 1.22
1872 0.23 0.49 0.82 0.69 1.08
1873 0.40 0.36 0.87 0.66 0.97
1874 0.57 0.05 0.93 0.63 0.89
1875 0.60 -0.34 0.95 0.61 0.80
1876 0.55 -0.46 0.89 0.58 0.73
1877 0.53 -0.43 0.66 0.56 0.66
1878 0.56 -0.22 0.40 0.55 0.69
1879 0.67 -0.03 0.17 0.53 0.80
1880 0.66 0.26 0.18 0.46 0.93
1881 0.54 0.52 0.42 0.38 0.97
1882 0.39 0.67 0.74 0.38 0.88
1883 0.33 0.71 0.86 0.44 0.72
1884 0.35 0.64 0.76 0.53 0.68
1885 0.38 0.52 0.67 0.59 0.77
1886 0.33 0.30 0.69 0.60 0.93
1887 0.23 0.11 0.70 0.58 0.99
1888 0.05 -0.02 0.56 0.57 0.97
1889 -0.04 -0.05 0.43 0.55 0.93
1890 -0.02 -0.04 0.43 0.56 0.86
1891 0.18 0.02 0.59 0.56 0.76
1892 0.29 0.07 0.66 0.57 0.59
1893 0.40 0.17 0.66 0.57 0.45
1894 0.42 0.24 0.45 0.58 0.33
1895 0.44 0.32 0.37 0.56 0.25
1896 0.39 0.36 0.16 0.55 0.11
1897 0.32 0.36 0.05 0.54 -0.03
1898 0.34 0.36 -0.24 0.55 -0.16
1899 0.39 0.28 -0.40 0.56 -0.14
1900 0.39 0.20 -0.47 0.58 -0.03
1901 0.30 0.18 -0.34 0.58 0.17
1902 0.18 0.18 -0.09 0.57 0.33
1903 0.06 0.18 0.18 0.57 0.46
1904 -0.05 0.05 0.36 0.56 0.55
1905 -0.10 -0.09 0.43 0.58 0.63
1906 -0.07 -0.26 0.41 0.54 0.73
1907 -0.03 -0.32 0.38 0.49 0.83
1908 0.03 -0.35 0.38 0.38 0.89
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1909 0.09 -0.25 0.41 0.31 0.90
1910 0.17 -0.13 0.37 0.25 0.84
1911 0.17 0.02 0.11 0.22 0.78
1912 0.10 0.05 -0.27 0.20 0.68
1913 -0.02 -0.01 -0.56 0.17 0.55
1914 -0.09 -0.16 -0.71 0.17 0.40
1915 -0.10 -0.27 -0.89 0.15 0.31
1916 -0.05 -0.30 -1.05 0.13 0.36
1917 0.03 -0.23 -1.15 0.10 0.43
1918 0.11 -0.11 -0.99 0.08 0.45
1919 0.12 -0.02 -0.76 0.07 0.36
1920 0.07 0.05 -0.51 0.05 0.23
1921 0.02 0.06 -0.35 0.04 0.12
1922 0.01 0.08 -0.21 0.04 0.05
1923 0.03 0.08 -0.11 0.07 0.04
1924 -0.03 0.09 -0.09 0.07 0.00
1925 -0.11 0.12 -0.14 0.06 -0.07
1926 -0.18 0.12 -0.25 0.05 -0.15
1927 -0.16 0.13 -0.38 0.02 -0.20
1928 -0.12 0.09 -0.55 -0.03 -0.21
1929 -0.07 0.11 -0.74 -0.06 -0.19
1930 0.01 0.13 -0.80 -0.06 -0.18
1931 0.10 0.17 -0.72 -0.05 -0.11
1932 0.15 0.18 -0.57 -0.03 -0.01
1933 0.14 0.12 -0.55 -0.02 0.14
1934 0.10 0.11 -0.60 -0.01 0.21
1935 0.09 0.10 -0.58 -0.02 0.19
1936 0.05 0.14 -0.41 -0.05 0.08
1937 -0.02 0.14 -0.19 -0.08 -0.06
1938 -0.10 0.07 -0.06 -0.08 -0.24
1939 -0.11 -0.01 -0.05 -0.04 -0.37
1940 -0.08 -0.02 -0.08 0.00 -0.44
1941 -0.05 0.09 -0.08 0.01 -0.39
1942 -0.03 0.18 -0.06 -0.04 -0.37
1943 0.04 0.20 -0.10 -0.14 -0.37
1944 0.14 0.18 -0.15 -0.27 -0.43
1945 0.24 0.17 -0.22 -0.37 -0.42
1946 0.23 0.16 -0.21 -0.45 -0.36
1947 0.18 0.09 -0.24 -0.48 -0.28
1948 0.11 0.01 -0.23 -0.49 -0.22
1949 0.05 -0.07 -0.20 -0.52 -0.21
1950 0.00 -0.10 -0.20 -0.57 -0.23
1951 -0.06 -0.14 -0.31 -0.62 -0.29
1952 -0.07 -0.18 -0.59 -0.64 -0.33
1953 -0.05 -0.21 -0.72 -0.66 -0.32
1954 0.00 -0.18 -0.65 -0.66 -0.27
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1955 0.03 -0.14 -0.45 -0.63 -0.23
1956 0.04 -0.08 -0.38 -0.53 -0.21
1957 -0.02 -0.07 -0.40 -0.46 -0.24
1958 -0.06 -0.04 -0.44 -0.47 -0.34
1959 -0.10 -0.01 -0.40 -0.55 -0.45
1960 -0.12 0.04 -0.42 -0.61 -0.50
1961 -0.16 0.02 -0.51 -0.65 -0.49
1962 -0.18 -0.06 -0.71 -0.69 -0.49
1963 -0.22 -0.10 -0.90 -0.72 -0.58
1964 -0.29 -0.10 -0.94 -0.76 -0.68
1965 -0.38 -0.04 -0.83 -0.80 -0.78
1966 -0.41 -0.04 -0.63 -0.87 -0.79
1967 -0.39 -0.06 -0.43 -0.97 -0.85
1968 -0.34 -0.12 -0.30 -1.08 -0.93
1969 -0.35 -0.20 -0.13 -1.17 -1.03
1970 -0.36 -0.30 -0.09 -1.17 -1.05
1971 -0.40 -0.31 -0.04 -1.14 -1.00
1972 -0.42 -0.24 -0.19 -1.10 -0.95
1973 -0.44 -0.17 -0.33 -1.20 -0.90
1974 -0.45 -0.15 -0.49 -1.37 -0.85
1975 -0.43 -0.20 -0.55 -1.57 -0.79
1976 -0.46 -0.24 -0.46 -1.69 -0.82
1977 -0.50 -0.32 -0.29 -1.72 -0.92
1978 -0.56 -0.37 0.00 -1.71 -1.05
1979 -0.55 -0.43 0.07 -1.70 -1.09
1980 -0.54 -0.44 -0.02 -1.68 -1.05
1981 -0.57 -0.47 -0.32 -1.67 -0.99
1982 -0.67 -0.55 -0.58 -1.66 -0.96
1983 -0.75 -0.66 -0.84 -1.69 -0.95
1984 -0.82 -0.77 -1.07 -1.76 -0.96
1985 -0.90 -0.84 -1.18 -1.85 -1.04
1986 -1.03 -0.87 -1.14 -1.94 -1.20
1987 -1.12 -0.92 -0.95 -2.00 -1.32
1988 -1.15 -0.97 -0.88 -2.08 -1.35
1989 -1.14 -1.07 -0.93 -2.16 -1.30
1990 -1.18 -1.12 -1.21 -2.22 -1.22
1991 -1.24 -1.21 -1.38 -2.26 -1.16
1992 -1.32 -1.29 -1.46 -2.34 -1.13
1993 -1.37 -1.24 -1.16 -2.41 -1.13
1994 -1.32 -1.07 -2.50 -1.20
1995 -1.26 -0.85 -2.50 -1.25
1996 -1.23 -0.83 -1.30
1997 -1.29 -0.95 -1.32
1998 -1.28 -1.28 -1.37
1999 -1.34 -1.59 -1.42
2000 -1.58 -1.76 -1.60
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Table A10 continued
Year Atlantic Pacific Indian Sponges Arctica
2001 -1.97 -1.67 -1.82
2002 -2.07 -1.64
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